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Abstract

Patients with post-coronavirus disease 2019 (COVID-19) conditions typically experience cognitive problems. Some studies
have linked COVID-19 severity with long-term cognitive damage, while others did not observe such associations. This dis-
crepancy can be attributed to methodological and sample variations. We aimed to clarify the relationship between COVID-19
severity and long-term cognitive outcomes and determine whether the initial symptomatology can predict long-term cogni-
tive problems. Cognitive evaluations were performed on 109 healthy controls and 319 post-COVID individuals categorized
into three groups according to the WHO clinical progression scale: severe-critical (n =77), moderate-hospitalized (n =73),
and outpatients (n=169). Principal component analysis was used to identify factors associated with symptoms in the acute-
phase and cognitive domains. Analyses of variance and regression linear models were used to study intergroup differences
and the relationship between initial symptomatology and long-term cognitive problems. The severe-critical group performed
significantly worse than the control group in general cognition (Montreal Cognitive Assessment), executive function (Digit
symbol, Trail Making Test B, phonetic fluency), and social cognition (Reading the Mind in the Eyes test). Five components
of symptoms emerged from the principal component analysis: the “Neurologic/Pain/Dermatologic” “Digestive/Headache”,
“Respiratory/Fever/Fatigue/Psychiatric” and “Smell/ Taste” components were predictors of Montreal Cognitive Assessment
scores; the “Neurologic/Pain/Dermatologic” component predicted attention and working memory; the “Neurologic/Pain/
Dermatologic” and “Respiratory/Fever/Fatigue/Psychiatric” components predicted verbal memory, and the “Respiratory/
Fever/Fatigue/Psychiatric,” “Neurologic/Pain/Dermatologic,” and “Digestive/Headache” components predicted executive
function. Patients with severe COVID-19 exhibited persistent deficits in executive function. Several initial symptoms were
predictors of long-term sequelae, indicating the role of systemic inflammation and neuroinflammation in the acute-phase
symptoms of COVID-19.” Study Registration: www.ClinicalTrials.gov, identifier NCT05307549 and NCT05307575.

Keywords COVID-19 - Executive function - Neuropsychological test - Post-acute COVID-19 syndrome - Symptom
assessment

Introduction

The post-coronavirus disease 2019 (COVID-19) condition
(PCC) manifests 3 months after the onset of the disease, and
presents with symptoms that remain for at least 2 months
and cannot be explained by other diseases [1]. PCC is char-
NAUTILUS Project Collaborative Group authors are listed in acterized by a wide variety of fixed or fluctuating symptoms,
acknowledgement. including cognitive complaints. While 60%-80% of patients
with PCC report experiencing brain fog, memory, loss of
attentional focus, and language disturbances [2—4], objective
evaluations of people with PCC have shown impairments in
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attention, processing speed, memory, and executive func-
tions [5-7].

The severity of COVID-19 and post-COVID cognitive
impairment assessed through systematic neuropsychologi-
cal assessments was first shown to be related in hospitalized
patients with acute disease [8]. Intensive care unit (ICU) stay
has been linked to reduced executive function, and the need
for oxygen therapy has been linked to reduced performance
in several cognitive measures 10-40 days after hospital dis-
charge. Over the medium-long term, the general severity of
acute illness has been related to residual cognitive deficits
[9], treatment required for respiratory symptoms has been
related to worse global cognitive performance [10], respira-
tory distress to lower processing speed [11], and hypoxemia
to impaired long-term memory and visuospatial learning at
five months but not at the one-year evolution [12].

Additional evidence has been obtained from studies
comparing hospitalized and non-hospitalized patients. In
comparison with non-hospitalized patients, hospitalized
individuals are more likely to have impairments in atten-
tion, executive functioning, category fluency, and verbal
memory [13] or slower processing speed [5]. Post-ICU
patients showed a lower cognitive composite score than
non-ICU patients. However, among non-ICU patients, the
cognitive composite score did not differ between those who
were hospitalized and those who were not [14]. In a similar
study performed with a healthy control (HC) group, patients
with severe PCC showed lower processing speed than those
with mild-moderate PCC and healthy control participants
[15]. In a Finnish study, both ICU and hospitalized patients
underperformed patients treated at home in the total cogni-
tive score at 6 months post-COVID. Moreover, ICU partici-
pants underperformed hospitalized patients and HCs in the
attention domain [16].

However, in multiple investigations using samples from
18 to 478 hospitalized and non-hospitalized participants
with acute illnesses, the severity of COVID-19 was not asso-
ciated with cognitive impairments at 3—4 months [17-19].
According to a recent meta-analysis, patients admitted to
the hospital during the acute infection were less likely to
report post-COVID cognitive symptoms than outpatients
three months (or more) after the disease [20].

Another aspect that requires consideration is the predic-
tive value of acute symptomatology for long-term cogni-
tive impairment. Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) can infect several human cell
types, as seen by COVID-19's vast array of symptoms.
Typical signs and symptoms include fever, fatigue, gastro-
intestinal issues, cough, sore throat, shortness of breath,
myalgia, headaches, dizziness, and changes in smell and
taste [21-23]. The etiology of cognitive dysfunction may
originate from the pathophysiology of acute illness [24].
However, it is currently unknown whether the effects of

COVID-19 on the brain are caused by virus invasion in the
brain, oxygen deprivation of the brain, or the body's exces-
sive inflammatory response in seriously affected individu-
als [25]. Acute symptoms, even if they are not neurologi-
cal manifestations, could contribute to the understanding
of post-COVID cognitive problems. In a split study, Guo
et al. found that initial illness-related symptoms explained
part of the variation in post-COVID subjective cognitive
symptoms [3]. They then demonstrated how some aspects
of neuropsychological performance can also be explained
by acute sickness symptoms [26].

Despite the number of studies in the field, the relationship
between cognitive outcomes and the severity of COVID-19
is still not completely clear, probably because the under-
lying mechanisms of the cognitive deficits identified are
mostly unknown. This study aimed to clarify the relationship
between the severity of COVID-19 and long-term cogni-
tive outcomes in a large sample of participants, including
a control group. Our second objective was to determine if
the initial symptomatology can predict long-term cognitive
impairment. Since COVID-19 symptoms are highly diverse
and heterogeneous, we aimed to use principal component
analysis to identify phenotypes or clinical symptoms that
frequently coexist.

Methods
Participants

The NAUTILUS Project is a cross-sectional observational
study of post-COVID-19 cognitive consequences based on
multimodal data. We used the available clinical and neu-
ropsychological data of the project in the present study. The
sample consisted of 428 participants, including 319 partici-
pants with PCC and 109 HC individuals who were evaluated
at the Neuropsychology and COVID Units of 16 Hospitals in
Catalonia, Madrid, and Andorra, coordinated by the Cons-
orci Sanitari de Terrassa (Terrassa, Barcelona, Spain). The
inclusion criteria for the PCC group were as follows: (a)
confirmed diagnosis of COVID-19 according to WHO crite-
ria with signs and symptoms of the disease during the acute
phase; (b) at least 12 weeks after infection; and (c) age over
18 years. Exclusion criteria were as follows: (a) established
diagnosis of psychiatric, neurological, neurodevelopmental
disorder, or systemic pathologies known to cause cognitive
deficits before the episode of COVID-19, and (b) motor or
sensory alterations that impeded neuropsychological exami-
nation. The HCs did not have COVID-19 (no positive test or
compatible symptoms) and were selected after applying the
same exclusion criteria as in the PCC group. All participants
were native Spanish speakers.
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Procedure

The overall procedure consisted of two sessions. In the first
session, various questionnaires were administered to col-
lect information about demographic factors and behaviors
related to the participants’ health and medical history. Par-
ticipants with PCC were questioned about their COVID-19
experience and the symptoms they were experiencing at the
time of evaluation. For a list of typical acute COVID-19
acute symptoms, presence/absence and the number of days
were recorded. We developed a scale from O to 4, in which
0 indicated the absence of the symptom and 4 indicated a
long-lasting symptom. Next, participants rated the sever-
ity of their COVID-19 experience on a visual analog scale
of 1-10. Later, they were asked about the symptoms they
were currently experiencing (post-COVID symptoms) and
whether these were minor, major, or different from those
experienced in the acute phase. Finally, we asked them to
report any other symptoms they had been experiencing and
had not been covered in the interview.

In the second session, each participant underwent a cog-
nitive assessment with a comprehensive neuropsychologi-
cal battery. We used the Montreal Cognitive Assessment
(MoCA) for general cognitive screening [27, 28]. The WAIS-
IV Digit Span subtest was used to measure verbal attention
(digit span forward) and working memory (digit span back-
ward) [29]. To assess verbal memory, we used the Spanish
version of Rey's Auditory Verbal Learning Test (RAVLT)
[30, 31]. Visual scanning, tracking, and motor speed were
assessed by the Digit Symbol Coding Test (WAIS-III) [29].
Parts A and B of the Trail Making Test (TMT) were admin-
istered to measure visual scanning, motor speed and atten-
tion, and mental flexibility [32]. A difference score (B-A)
that removed the speed element from the test evaluation was
calculated [33]. The Controlled Oral Word Association Test
(COWAT) [34, 35] was used to evaluate verbal fluency and
language. The number of words beginning with the letters
P, M, and R recalled in 1 min was recorded. Semantic flu-
ency was evaluated using the category “animals” [36]. The
number of correct animals reported in 1 min was counted.
The interference score of the Stroop test was calculated as
a measure of cognitive inhibitory control [37]. The Boston
Naming Test (BNT) was used to evaluate language [38].
Social cognition was assessed with the Reading the Mind
in the Eye Test (RMET) [39]. The Word Accentuation Test
(TAP) was used to estimate the premorbid intelligence quo-
tient (IQ) [40]. In addition to cognitive measures, we used
the Chalder Fatigue Scale (CFQ) [41] to assess fatigue, the
Generalized Anxiety Disorder 7-item scale (GAD-7) [42,
43] to assess anxiety, and the Patient Health Questionnaire-9
(PHQ-9) to assess depressive symptoms [44, 45]. The qual-
ity of life was evaluated by the WHOQOL-BREFF [46].
Trained neuropsychologists performed all evaluations.
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The recruitment was conducted between June 2021 and
June 2022. The study was conducted with the approval of the
Drug Research Ethics Committee (CEIm) of Consorci Sani-
tari de Terrassa (CEIm code: 02-20-107-070) and the Ethics
Committee of the University of Barcelona (IRB00003099).
All participants provided written informed consent.

Statistical analyses

Descriptive statistics were obtained for all variables of the
study. Group differences in demographics were examined
by conducting an analysis of variance (ANOVA). The Chi-
square test was performed to compare binarized meas-
ures between the groups. One-way analysis of covariance
(ANCOVA) with Bonferroni-adjusted post-hoc comparisons
was performed to determine group differences in cognitive
functioning. Graphical representations and descriptive sta-
tistics were used to study the assumptions. The effect size
was calculated using the value partial eta squared (f]pz). To
investigate if the cognitive symptoms of PCC were predicted
by the acute-phase symptoms, principal component analy-
sis (PCA) was performed first on 21 auto-reported acute-
phase symptoms and on Z-scores of 15 neuropsychological
variables to define the cognitive domains, followed by linear
regressions (stepwise) with the acute symptom components
as predictors and the neuropsychological components as
dependent variables. Analyses were performed using IBM
SPSS Statistics 27.0 (IBM Corporation, Armonk, NY, USA)
and R Statistical Software (version 4.2.0; The R Foundation
for Statistical Computing Platform). The critical level for
statistical significance was set at a=0.05.

Results
Sample demographics

The 319 participants with PCC were classified into three
groups according to the WHO clinical progression scale
[47]: severe-intensive care unit (ICU-PCC) (n=77), hos-
pitalized (H-PCC) (n=73), and mild (M-PCC) (n=169)
(Table 1). The participants’ sociodemographic characteris-
tics and comorbidities are shown in Table 2. The M-PCC
and the HC groups were equivalent in age and sex, had a
higher proportion of women, and were younger than the
ICU-PCC and the H-PCC groups. The three PCC groups
showed no differences in formal education and estimated
1Q. However, the education level and estimated 1Q in the
HC group were higher than those in all three PCC groups.
Thus, age, sex, educational level, and estimated 1Q were
covariates in comparing cognitive results among the four
groups. On average, all PCC participants had shown a posi-
tive test 320 days before their neuropsychological evaluation
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Table 1 Clinical characteristics of the PCC groups based on the
WHO clinical progression scale

WHO clinical progres- N (%)
sion scale score
ICU-PCC 6-9 77 (24%)
IMV 38 (49.4%)
NIV or HFNC 39(50.6%)
H-PCC 4-5 73 (23%)
NIV or HFNC 25(34.2%)
Mask or nasal prongs 37 (50.7%)
No O, treatment 11(15.1%)
M-PCC 2-3 169 (53%)
Disturbance of ADL 139 (82.3%)
No disturbance in ADL 30(17.7%)

PCC post-COVID condition, ICU intensive care unit, H hospitalized,
M mild, IMV invasive mechanical ventilation, NIV non-invasive ven-
tilation, HFNC high-flow nasal cannula, ADL activities of daily living

(SD=156.66 days), and the ICU-PCC group had fewer days
of evolution since the start of COVID-19 than the other two
groups. Premorbid high blood pressure and obesity were
more prevalent among ICU participants than the other PCC
and HC groups.

Differences in cognitive performance

Table 3 shows the fatigue, depression, anxiety, and qual-
ity of life scores for each PCC severity and HC group.
The CFQ, PHQ-9, GAD-7, and WHOQOL-BREF scores
were significantly different among groups. Post-hoc analy-
sis showed that the CFQ, PHQ-9, and GAD-7 scores were
higher in the PCC than in the HC group. Individuals in the
M-PCC group had higher fatigue and depression levels than
those in the H-PCC group. The quality of life assessed by
the WHOQOL-BREFF was better in the HC group than in
the PCC groups. We used fatigue, depression, and anxiety
as covariates in the cognitive analysis. However, we also
analyzed the data without these mood and fatigue variables
(Supplementary Table 1).

The groups showed statistically significant differences in
MoCA, Digit symbol, TMT-B, TMT-B-A, phonetic fluency,
and the RMET scores after controlling for age, sex, educa-
tional level, estimated IQ, fatigue, depression, and anxiety
test scores. The ICU-PCC group performed worse in the
MoCA, Digit symbol, TMT B, TMT-B-A, phonetic fluency,
and RMET assessments than the HC group and obtained
poorer results than the M-PCC group in the TMT-B and
TMT-B-A assessments. The H-PCC group showed worse
performance in the Digit symbol assessments than the HC
group (Table 4 and Fig. 1).

Table 5 shows the frequency of acute-phase symptoms
for each severity group and all the PCC participants. ICU

stay was associated with greater limb weakness and the pres-
entation of delirium and psychotic symptoms. Hospitaliza-
tion was associated with fever. A higher proportion of PCC
participants at home had headache, muscle and joint pain,
changes in smell and taste, nasal congestion, and sore throat.
The three groups did not show differences in the perception
of COVID-19 severity measured with the visual analog scale
(ICU: mean=7.91, SD=2.22; H: mean=7.86, SD=1.65;
M: mean=7.05, SD=2.41).

Effect of acute symptoms on long-term cognition

PCA with initial symptoms was performed with a varimax
orthogonal rotation to facilitate interpretability. The Kai-
ser—Meyer—Olkin (KMO) value (0.834) and Bartlett's test
of sphericity (X2(210): 1571.92; p <0.000) indicated that
the data were likely factorizable. PCA revealed five com-
ponents with eigenvalues more significant than one, which
explained 24.92%, 8.17%, 6.56%, 5.71%, and 5.11% of the
total variance and were classified as “Digestive/Headache”
(nausea, loss of appetite, dizziness, diarrhea, shaking chills,
and headache), “Respiratory/Fever/Fatigue/Psychiatric”
(depressive symptoms, anxious symptoms, psychotic symp-
toms, breathing issues, fever, and fatigue), “Neurologic/Pain/
Dermatologic” (paresthesia, skin problems, limb weakness,
and muscle and joint pain), “Smell/Taste” (smell and taste
symptoms), and “Cold” (nasal and conjunctival conges-
tion and cough), respectively. The factor scores were com-
puted through the regression method. The rotated (varimax)
component loadings for the initial symptoms are shown in
Table 6.

The scores for the Digestive/Headache, Respiratory/
Fever/Fatigue/Psychiatric, and Smell/Taste components
were significantly different among the severity groups. Post-
hoc analysis showed that the Digestive/Headache score was
higher in the M-PCC group than in the ICU-PCC group; the
Respiratory/Fever/Fatigue/Psychiatric score was higher in
the ICU-PCC and H-PCC groups than in the M-PCC group,
and the Smell/Taste score was higher in the M-PCC than in
the ICU-PCC and H-PCC groups (Fig. 2 and Supplementary
Table 2).

PCA with neuropsychological variables was performed
with a direct oblimin rotation to facilitate interpretability.
We excluded the scores obtained with the MoCA (a screen-
ing tool covering several cognitive domains) and the RMET
(social cognition domain). All assumptions were met: over-
all KMO =0.910 and Bartlett's test (X2(105)=3878.99,
p=0.0001). PCA revealed four components as the best fac-
torial solution, which explained 72.71% of the total variance
(45.14%, 12.86%, 8.14%, and 6.57%). We classified the four
components as the following cognitive domains: executive
function (TMT, Symbol Digit, Stroop task), verbal memory
(RAVLT), attention and working memory (WM) (Digits
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Table 2 Sociodemographic characteristics and comorbidities of the PCC severity and HC groups

ICU-PCC H-PCC M-PCC HC
n=177 n=73 n=169 n=109
Mean Mean Mean Mean F p Post-hoc
(SD) (SD) (SD) (SD)
Age 51.91 52.69 46.21 46.10 15.71 0.0001 ICU>HC
(8.32) (7.39) (9.23) 9.31) ICU>M
H>HC
H>M
Education (years) 13.14 13.34 14.26 15.57 11.07 0.0001 HC>ICU
(3.19) (3.50) (3.28) (2.93) HC>H
HC>M
Estimated IQ” 100.75 101.46 101.85 (7.73) 104.79 (6.58) 543 0.001 HC>ICU
(7.82) (8.25) HC>H
HC>M
Time of evolution™* 269.75 (104.10) 303.51 (131.49) 350.56 (178.87) 7.842 0.0001 M>ICU
N (%) N (%) N (%) N (%) x P
Sex (% female) 34 35 130 84 41.98 0.0001
(44.2%) (50%) (77%) (77.1%)
Comorbidities
Heart disease 4 3 4 3
(5.2%) (4.1%) 2.4%) (2.8%)
Respiratory disease 11 10 19 5 10.00 0.124
(14.3%) (13.7%) 11.2%) (4.6%)
Chronic kidney disease 1 1 1 0
(1.3%) (1.4%) (0.6%)
High blood pressure 22 13 12 5 33.61 0.0001
(28.6%) (17.8%) 7.1%) (4.6%)
Dyslipidemia 16 13 17 11 9.40 0.152
(20.8%) 17.8%) (10.1%) (10.1%)
Diabetes mellitus 5 7 1 3
(6.5%) (9.6%) (0.6%) 2.8%)
Obesity 41 26 32 16 46.30 0.0001
(53.2%) (35.6%) (18.9%) (14.7%)
Chronic liver disease 4 5 1 0
(5.2%) (6.8%) (0.6%)
Tobacco smoking 3 2 17 27
(3.9%) (2.7%) (10.1%) (24.8%)

PCC=post-COVID condition, /CU intensive care unit, H hospitalized, M mild, HC healthy control, /Q intelligence quotient

*Intelligence estimated by means of Word Accentuation Test

**Time of evolution is the days since first positive test

span forward and backward), and language (Phonetic flu-
ency, Semantic fluency, BNT). The regression approach was
used to calculate the factor scores. Component loadings of
the rotated solution are presented in Table 7. Figure 3 shows
the profile of the cognitive domains for the PCC severity and
HC groups corrected for age, sex, educational level, time of
evolution, fatigue, and depression test scores.

Linear regressions (stepwise) with the five acute symp-
tom components as predictors and the neuropsychological
components as dependent variables were performed. In addi-
tion to the four cognitive components, MoCA and RMET
scores were used as dependent variables in multiple linear
regression. The linear regression models were adjusted for
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potential confounders (age, sex, years of education, time of
evolution, premorbid high blood pressure and obesity).

As seen in Table 8, the “Neurologic/Pain/Dermatologic”,
“Digestive/Headache”, “Respiratory/Fever/Fatigue/Psy-
chiatric” and “Smell/ Taste” components added statistical
significance to the prediction of MoCA scores. Executive
function was predicted by the “Respiratory/Fever/Fatigue/
Psychiatric,” “Neurologic/Pain/Dermatologic,” and “Diges-
tive/Headache” components. The “Neurologic/Pain/Der-
matologic” and “Respiratory/Fever/Fatigue/Psychiatric”
components added statistical significance to the prediction
of verbal memory scores, and the attention and WM compo-
nent was predicted by the “Neurologic/Pain/Dermatologic”
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Table 3 Intergroup differences in fatigue, mood, and quality of life measures adjusted for age, sex, educational level, and estimated 1Q*
ICU-PCC H-PCC M-PCC HC
(n=177) (n=173) (n=169) (n=109)
M,q; (SE) M,q; (SE) M,q; (SE) M,q; (SE) F p n? Post-hoc p
Bonferroni
CFQ score 5.88 5.23 (0.50) 6.68 (0.32) 1.80 (0.41) 31.207 0.0001 0.190 ICU>HC 0.0001
(0.49) H>HC 0.0001
M>HC 0.0001
M>H 0.017
PHQ-9 score 8.64 (0.70) 7.35(0.72) 9.88 (0.45) 3.35(0.58) 27.42 0.0001 0.172 ICU>HC 0.0001
H>HC 0.0001
M>HC 0.0001
M>H 0.004
GAD-7 score 7.61 6.15 6.49 3.34 11.773  0.0001 0.082 ICU>HC 0.0001
(0.60) (0.61) (0.39) (0.50) H>HC 0.0001
M>HC 0.0001
WHOQOL-BREF score  58.14 (12.38) 58.23 (13.82) 56.59(13.19) 67.20(9.86) 16.650 0.0001 0.110 ICU<HC 0.0001
H<HC 0.0001
M<HC 0.0001

PCC post-COVID condition, /ICU intensive care unit, H=hospitalized, M mild, HC healthy control, CFQ Chandler Fatigue Scale, PHQ-9
Patient Health Questionnaire-9, GAD-7 Generalized Anxiety Disorder 7-item scale, WHOQOL-BREF World Health Organization Quality of

Life Scale (General quality of life)

*Adjusted by age, sex, educational level, and estimated 1Q

n? effect size is as follows: n?=0.009, small; n>=0.059, medium; n>=0.139, large

component. The language and social cognition components
were not explained by any acute-phase symptom component
but by the variables for demographic characteristics and pre-
morbid conditions.

Discussion

The primary objective of the present study was to elucidate
the link between COVID-19 severity and long-term cog-
nitive outcomes. Previous studies have shown inconsistent
results: some have reported a relationship [5, 8—16], while
others did not identify any severity variable explaining cog-
nitive performance [17-20]. Comparisons of these studies
are challenging because their conclusions were drawn using
various designs and methodologies. Moreover, only a few
studies were specifically designed to examine this asso-
ciation [16, 18]. Some studies did not categorize patients
according to the severity of their acute illness [8, 9, 11, 12,
19], or if they did, this categorization was only partially done
or did not include a control group [5, 10, 13-15, 18]. Other
studies only correlated the results of selected cognitive tests
with severity assessments [10—-12, 17]. Only one previous
study compared groups according to the acute care environ-
ment and employed an HC group [16].

The neuropsychological performance profile obtained in
our study with 428 participants showed a gradation in the
expected direction: ICU-PCC < H-PCC < M-PCC < HC.
After controlling for the variables that differed between

groups, we found significant differences for the six neu-
ropsychological tests. Post-hoc group comparisons showed
that the significant differences arose mainly from the con-
trast between the HC and ICU-PCC groups. These tests
measured global cognition (MoCA), executive functions-
mental processing speed (Digit symbol, TMT-B, Phonetic
Fluency), and social cognition (RMET). Additionally, the
TMT-B test distinguished between ICU-PCC and M-PCC
participants.

Our findings partially agreed with those of a study
with 213 participants and a similar design to ours [16].
In that study, the severity of COVID-19 was related to
deterioration in an overall cognitive score and the atten-
tion domain. Some of the tests used to define the atten-
tional domain in that study were also used in our study
(Digit symbol, Stroop), while one test that was not used
in the present study (Continuous Performance Test) was
more sensitive to attention. Although depression and post-
traumatic stress disorder were controlled in their overall
score analysis, they were not controlled in the attention
analysis. The authors of that study reported a relationship
between executive function impairment and severity, but
this relationship was observed only in men. In our sample,
this relationship appeared regardless of sex. Our results
referring to the relationship between executive function
impairment and the severity of COVID-19 also agree with
those of another study [13]. However, that study did not
distinguish between hospitalized and ICU participants.
The hospitalized patients in our sample did not differ from
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Table 4 Adjusted* means of the neuropsychological variables in the PCC severity and HC groups

ICU-PCC H-PCC M-PCC HC
(n=177) (n=173) (n=169) (n=109)
M,4; (SE) M,q M,q M, F p npz Post-hoc p
(SE) (SE) (SE) Bonferroni
MoCA score 2591 26.08 26.21 27.13 3.606 0.014 0.027 ICU<HC 0.021
(0.30) (0.31) (0.20) 0.27)
RAVLT total score 45.28 43.35 44.82 46.87 2.366 0.071 0.018
(0.98) (1.00) (0.66) (0.88)
RAVLT immediate recall score 8.76 8.92 9.17 9.09 0.381 0.767 0.003
(0.32) (0.33) 0.22) (0.29)
RAVLT delayed recall score 8.63 8.74 9.07 9.23 0.581 0.628 0.004
(0.36) (0.36) (0.24) (0.32)
RAVLT recognition score 12.41 12.06 12.21 12.55 0.665 0.574  0.005
(0.29) (0.29) (0.19) (0.26)
Digit span 5.38 5.57 5.71 5.56 2.109 0.099 0.016
forward score (0.14) 0.14) (0.10) (0.12)
Digit span 4.33 4.34 4.51 4.58 0.773 0.509 0.006
backward score (0.14) 0.14) (0.10) (0.13)
Digit symbol score 63.81 62.17 67.44 71.22 4.176 0.006 0.031 ICU<HC 0.047
(1.98) (2.00) (1.34) (1.78) H<HC 0.006
TMT-A (time) score 41.39 37.09 35.34 35.39 1.440 0.231 0.011
(2.49) (2.52) (1.68) (2.23)
TMT-B (time) score 103.92 86.98 77.73 77.47 4.268 0.006 0.032 ICU>HC 0.017
(6.32) (6.44) 4.24) (5.62) ICU>M 0.005
TMT-B-A 63.78 50.53 42.23 42.33 4.972 0.002 0.037 ICU>HC 0.009
(time) score (4.80) (4.89) (3.23) 4.27) ICU>M 0.002
Stroop word score 94.20 93.33 94.16 96.66 0.353 0.787 0.003
(2.56) (2.56) (1.71) (2.27)
Stroop color score 65.34 65.22 65.31 67.23 1.102 0.348 0.008
(1.61) (1.61) (1.07) (1.43)
Stroop interference score 39.16 37.38 39.46 42.01 2.606 0.051 0.020
(1.22) (1.22) (0.81) (1.10)
Phonetic fluency (PMR) score 40.14 42.60 42.79 45.73 2.816 0.039 0.021 ICU<HC 0.024
(1.38) (1.40) (0.93) (1.24)
Semantic fluency (animals) score 20.73 20.58 21.41 22.71 2.469 0.062 0.019
(0.62) (0.63) 0.42) (0.59)
BNT score 51.46 51.69 52.68 52.76 1.410 0.239 0.011
(0.59) (0.60) (0.40) (0.53)
RMET score 21.37 22.37 22.65 23.64 4.448 0.004 0.033 ICU<HC 0.002
(0.45) (0.45) (0.30) (0.40)

PCC post-COVID condition, /CU intensive care unit, H hospitalized, M mild, HC healthy control, MoCA Montreal Cognitive Assessment,
RAVLT Rey’s auditory verbal Learning Test, TMT Trail Making Test, BNT Boston Naming Test, RMET Reading the Mind in the Eyes Test

*Adjusted by age, sex, educational level, estimated 1Q, Chalder Fatigue Scale (CFQ) score, Generalized Anxiety Disorder 7-item scale (GAD-7)

score, and Patient Health Questionnaire-9 (PHQ-9) score

np2 effect size is as follows: np2 =0.009, small; np2 =.0.059, medium; np2 =

the outpatients in any test. In contrast, the ICU patients
differed from the outpatients in two measures.

Although the neuropsychological profile indicates impair-
ment in the executive domain, tests grouped under execu-
tive functions can also be considered to involve processing
speed. Several previous studies have related slowness with
illness severity [5, 11, 15]. Our results support this rela-
tionship. Long-term slower mental speed processing has
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been linked to hypoxemia in individuals with acute respira-
tory distress syndrome (ARDS) [48]. Silent hypoxemia is a
common feature in SARS-CoV-2 infections [49]. This trait
caused delays in patient treatment, particularly during the
first wave of the pandemic, which worsened the patients’
prognosis [50]. The integrity of white matter across the brain
is related to processing speed and, more generally, to intel-
lectual ability [51, 52]. White matter intensities have been
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Fig.1 Cognitive profiles of the post-COVID condition severity
groups and healthy controls. Healthy controls (HCs) are presented
in green, ICU-PCC in blue, H-PCC in yellow, and M-PCC in red.
Data are presented as means of Z-scores adjusted by age, sex, educa-

shown to be associated with nocturnal hypoxemia [53] and
hypoxic-ischemic brain injury in COVID-19-related ARDS
[54]. Consistent with these findings, effects on the white
matter have been reported to occur a year after COVID-
19, specifically in the corona radiata, corpus callosum, and
superior longitudinal fasciculus, particularly in post-ICU
individuals [55]. COVID-19-induced white matter injury
may be mediated by hypoxia as well as indirect viral inva-
sion [56, 57], the systemic inflammatory response [58], or
coagulopathy [59].

COVID-19 severity was not related to memory in our
research, even though this relationship has been reported
previously [12-14]. This result was unexpected due to the
poor memory performance in the entire sample of PCC indi-
viduals in comparison with the HC group in our previous

JNSN

*
<HC
*
<HC
» S < $© o) & N} &
& < N NS 3 < BN >
A ,&\‘ «° K <O ) IS & ™
& o o g o
< < Q & &
«° < <@

tional level, estimated 1Q, fatigue, depression, and anxiety test scores.
Lower Z-scores indicate poorer performance, except for TMT (time),
where lower Z-scores indicate better performance. Statistically signif-
icant differences between groups are marked with an asterisk

study [7]. The high prevalence of depression and anxiety
symptoms and fatigue in our groups may explain this find-
ing. In our previous study, fatigue, depression, and anxiety
symptoms explained part of the memory performance vari-
ance in our PCC groups. Here, when we analyzed the data
without controlling for emotional variables and fatigue, the
H-PCC and M-PCC participants' learning was inferior to that
in the HC group. In addition, the M-PCC group demonstrated
poorer long-term memory and recognition than the HC group.
Numerous studies have found a link between depression and
memory problems in post-COVID individuals [60-62]. The
causal connection between depression and memory impair-
ment is, however, uncertain.

In contrast to the findings reported in other studies [10,
63], we did not find differences in cognitive impairment
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Table 5 Reported signs and ICUPCC  H-PCC  MPCC Total
symptoms in the acute infection n=77 n=73 n=169 n=319
period in the PCC severity N (%) N (%) N (%) X P N (%)
groups
Tiredness 65 (84.4%) 68 153 4.971 0.083 286 (90.8%)
932%)  (92.7%)
Fever 66 68 121 15.01 0.0001 254 (80.6%)
(85.7%) 932%)  (72.9%)
Headache 44 50 144 27.174  0.0001 237 (75.2%)
(57.1%) (68.5%)  (86.7%)
Muscle and joint pain 48 46 137 15.820  0.0001 229 (72.7%)
(62.3%) (63%) (82.5%)
Breathing issues 55 51 97 4.879 0.087 204 (64.8%)
(71.4%) (69.9%)  (58.8%)
Cough 41 48 112 4.786 0.091 200 (63.5%)
(53.2%) (65.8%)  (67.5%)
Loss of appetite 40 46 101 2.301 0.316 187
(51.9%) (63%) (60.8%) (59.4)
Loss of smell 25 30 114 31.360  0.0001 169 (54.2%)
(32.5%) 41.1%)  (67.5%)
Loss of taste 27 30 106 19.982  0.0001 163 (52.2%)
(35.1%) (41.1%) (62.7%)
Shaking chills 35 37 100 5.174 0.075 171 (54.3%)
(45.5%) (50.7%)  (60.2%)
Limb weakness 52 34 72 12.480  0.002 158 (50.3%)
(67.5%) (46.6%)  (43.6%)
Paresthesia 25 27 65 1.009 0.604 117
(32.5%) 37%) (38.5) (36.7%)
Dizziness 27 32 86 7.244 0.124 145
(35.1%) (43.8%)  (51.8%) (46%)
Nasal congestion 28 28 86 7.000 0.030 141 (40.4%)
(36.4%) (384%)  (51.1%)
Chest pain 30 29 84 4.048 0.132 142 (45.1%)
39%) 39.7%)  (50.6%)
Sore throat 22 20 93 25.310  0.0001 134 (42.5%)
(28.6%) 274%)  (56%)
Diarrhea 24 28 76 4.844 0.089 128 (40.1%)
(31.2%) (384%)  (45.8%)
Nausea 20 25 52 1.271 0.530 97
(26%) (34.2%)  (31.3%) (30.8%)
Conjunctival congestion 11 15 40 3.071 0.215 66
(14.3%) (205%)  (24.1%) (21.0%)
Skin rash/Discoloration of fingers or toes 9 9 33 3.626 0.163 51
(11.7%) (123%)  (16.1%) (16.2%)
Tachycardia 6 7 17 0.323 0.851 30
(7.8%) (9.6%) (10.1%) (9.4%)
Seizures 1 1 0 2
(1.3%) (1.4%) (0.6%)
Stroke 0 2 1 2
(2.7%) (0.6%) (0.6%)
Menstrual cycle issues* 1 0 8 9 (11.5%)
(12.5%) (12.7%)
Depression 37 39 79 0.731 0.694 155 (49.2%)
(48.1%) (534%)  (47.6%)
Anxiety 27 32 77 2.774 0.250 136
(35.1%) (43.8%)  (46.4%) (43.2%)
Psychotic symptoms 24 8 4 43.116 ~ 0.0001 36
(31.2%) (11%) (2.4%) (11.4%)
Delirium 30 1 0 32
(39%) (1.4%) (10%)
Obsessive—compulsive symptoms 5 4 15 24
(6.5%) (5.5%) 9%) (7.6%)

PCC post-COVID condition, /CU intensive care unit, H hospitalized, M mild, HC healthy control

*% women under 45 years (n="78)

@ Springer



Journal of Neurology (2023) 270:2392-2408

2401

Table 6 Factor and loading in PCA of symptoms

Components
Symptom 1 2 3 4 5

0.700
0.602
0.599
0.566
0.491
0.445

Nausea 0.314
Loss of appetite
Dizziness

Diarrhea

Shaking chills
Headache

Depressive symptoms 0.608
0.605
0.597
0.489
0.484

0.436

Anxiety symptoms
Psychotic symptoms
Shortness of breath 0.440
Fever
Fatigue
0.699
0.699
0.507
0.463
0.906
0.896

Skins symptoms
Paresthesia

Limb weakness
Muscle and joint pain 0.377
Smell alterations

Taste alterations

0.720
0.638

0.524

Nasal congestion
Conjunctival congestion 0.463

Cough 0.376

Component 1: Digestive/Headache: nausea, loss of appetite, dizzi-
ness, diarrhea, shaking chills, and headache

Component 2: Respiratory/Fever/Fatigue/Psychiatric: breathing
issues, fever, depressive symptoms, anxious symptoms, psychotic
symptoms, and fatigue

Component 3: Neurologic/Pain/Dermatologic: skins problems, limb
weakness, paresthesia, and muscle and joint pain

Component: Smell/Taste: smell alterations, taste alterations
Component: Cold: nasal congestion, conjunctival congestion, cough

Bold indicates elements that charge above 0.5; the numbers that are
not in bold are those that are loaded above 0.3

between M-PCC and HC participants. The previous studies
performed cognitive assessments of participants 3—6 months
after the positive COVID-19 test. In contrast, cognitive
assessments for the M-PCC group in the present study were
performed an average of eleven months from the acute infec-
tion, when most participants may have recovered, at least
in part. Most post-COVID symptoms decrease between 3
and 12 months [64], and this change has also been reported
in the cognitive symptoms [12]. One study showed no dif-
ferences between patients with mild- moderate COVID-19
and HCs 4 months post-infection. However, the groups in
that study showed remarkable differences in anxiety, depres-
sion, and stress [62]. On the other hand, one study evaluat-
ing mild COVID-19 individuals at 11 months found several
impaired cognitive measures relative to HC. Nevertheless,

these authors did not assess whether their participants had
fatigue or mood disturbances [65].

Different pathophysiological pathways for brain damage are
probably implicated in mild, hospitalized, and critical cases
of COVID-19. Despite the possibility of shared pathophysi-
ological mechanisms, assumptions can be made for each group
of patients. Mild cases may be caused directly by the virus
(olfactory channel of entry) [66, 67]. The degree of systemic
inflammation and level of hypoxemia are presumably higher
in moderate-COVID-19 individuals [68]. In addition to more
severe hypoxemia, systemic inflammation, and organ failure,
brain injury may result from ICU therapies, including bed rest,
life support equipment, and drugs in critical patients [69].

As a second aim, we investigated the relationship between
acute symptoms and long-term cognitive outcomes. We iden-
tified five acute symptom components and found correlations
between some of these components and long-term cognitive
performance. “Neurologic/Pain/Dermatologic,” “Digestive/
Headache, Respiratory/Fever/Fatigue/Psychiatric,” and “Smell/
Taste” predicted 28% of the variance in global cognition. The
“Neurologic/Pain/Dermatologic” component also explained
12% of the variance in attention and WM, and the “Neurologic/
Pain/Dermatologic” and “Respiratory/Fever/Fatigue/Psychiat-
ric” components together explained 23% of variance in verbal
memory. Finally, 24% of the variance in executive function
was accounted for the “Neurologic/Pain/Dermatologic,” “Res-
piratory/Fever/Fatigue/Psychiatric,” and “Digestive/Headache”
components. These three components included the symptoms
limb weakness, paresthesia, muscle and joint pain, respiratory
issues, fever, depression, anxiety, psychotic symptoms, fatigue,
dizziness, and headache.

These results may provide insights into the mechanisms
underlying cognitive changes. The fact that the initial
symptoms explain some of the variations in long-term
cognition suggests that the brain regions responsible
for these cognitive tasks were affected, and some of this
impairment may have occurred during the acute phase
of the illness. The Neurological/Pain/Dermatological,
Respiratory/Fever/Fatigue/Psychiatric and Digestive/
Headache components included symptoms that develop
during systemic inflammation (pain, fatigue, fever, limb
weakness, and paresthesia) and neuroinflammation
(headache, dizziness, limb weakness, paresthesia, and mood
alterations), although these components cannot be explained
in terms of inflammation.

We speculate that long-term cognitive impairment could
have been caused by sustained systemic or neurological
inflammation. Infections result in systemic inflammation
and are associated with activation of microglial cells and
the appearance of cognitive deficits. Neuroinflammation
is caused by activation of microglial cells and the overex-
pression of proinflammatory cytokines, both of which are
induced by the peripheral immune system [70].

@ Springer
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Fig.2 Violin plot for symptom factors across of PCC severity groups. Vio-
lin plots show the distribution for each symptom factor. Statistically sig-
nificant differences were noted between PCC severity groups in Digestive/

In the initial phase of the study, critical patients showed
impairment in global cognition, executive function, and
social cognition. The variance of these cognitive areas
is partially explained here by acute symptom variables.
In addition to the inflammation mechanisms underly-
ing the Neurologic/Pain/Dermatologic and Respiratory/
Fever/Fatigue/Psychiatric factors, the added Digestive/
Headache factor provides an alternative pathophysiologi-
cal mechanism to explain executive function impairment.
The hypothalamus regulates symptoms such as nausea and
loss of appetite. SARS-CoV-2 has been suggested to use
the nervus terminalis rather than the olfactory nerve as a
direct pathway to infect the brain from the nasal cavity
[71]. Bypassing the olfactory bulb, nerve terminal neu-
rons project straight to locations in the brain, including the
hypothalamus. Infection of the hypothalamus can produce
these symptoms and allow the infection to spread to the

@ Springer
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Headache, Respiratory/Fever/Fatigue/Psychiatric and the Smell/Taste score

medial prefrontal lobe [72], contributing to the pathophysi-
ology of executive dysfunction.

Although the results of the verbal memory, attention, and
working memory tests did not differ significantly between
groups in the initial phase of the study, models predicting
the early symptomatology were identified for the compo-
nents corresponding to these tests. However, language
impairments were not predicted by any symptom factor.
Instead, these impairments were predicted by demographic
variables. Since emotion recognition is associated with the
orbitofrontal cortex and temporal regions, we anticipated
that the route of entry of the virus through the olfactory
system could cause damage to these structures. However,
patients with milder disease were more likely to experience
impairments in smell and taste, whereas the ICU group, with
the most severe condition, demonstrated the poorest social
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Table 7 Factor and loading in PCA of neuropsychological variables

Component

1 2 3 4

0.865
0.828
—0.786
0.719
—0.708
0.640

Troop words (Z score)

Stroop colors (Z score)

TMT-A (Z score)

Stroop word-colors (Z score)
TMT-B (Z score)

Digit symbol (Z score)

RAVLT delayed recall (Z score)
RAVLT immediate recall (Z score)
RAVLT learning (Z score)
RAVLT recognition (Z score)
Digit span backward (Z score)

0.954
0.950
0.865
0.826
0.896
Digit span forward (Z score) 0.876
BNT (Z score)
Semantic fluency (animals) (Z score)

Phonetic fluency (PMR) (Z score)

0.891
0.692
0.656

Component 1: executive functions; Component 2: verbal memory; Com-
ponent 3: attention and working memory (WM); Component 4: language

PROFILE OF COGNITIVE DOMAINS

ESTIMATED MARGINAL MEANS Z-SCORE + DEVIATION ERROR

Global (MoCA) Executive function Verbal memory

Fig.3 Cognitive domain profiles for the post-COVID conditions
severity groups. ICU-PCC in blue, H-PCC in yellow, and M-PCC
in red. Data are presented as means of Z-scores (adjusted by age,
sex, educational level, time of evolution, fatigue, and depression test

cognition. In this model, obesity, a chronic inflammatory
condition [73] linked to the severity of COVID-19 [74],
served as an explanatory variable. In addition to the risk
posed by chronic inflammation, severely obese patients show
considerable management issues in the ICU, particularly for
the respiratory level [75]. Therefore, the impairment of the
brain structures responsible for recognizing emotions should
be attributed to indirect mechanisms, such as hematogenous
pathways of virus entry to the central nervous system or
systemic inflammatory mechanisms, and not to the direct
action of the virus. We cannot rule out the possibility that
sedated and intubated participants’ self-reported baseline
symptoms were not as accurate as those with less severe
COVID-19. Thus, we may have lacked complete and reli-
able data regarding symptoms such as anosmia/ageusia in
severely ill patients.

The limitations and strengths of the study require consid-
eration while interpreting the findings. A major limitation
refers to the collection of initial symptoms, which were self-
reported through a questionnaire in the first session with the

—|CU
HOSPITALIZED

@—\1ILD

Social cognition

Attention and working memory Language

scores) and deviation error bars. Lower Z-scores indicate poorer per-
formance. Statistically significant differences were noted between
PCC severity groups (marked with an asterisk)
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Table 8 Multiple linear regression models testing the association between acute symptoms and cognitive performance

MoCA

F p Rzadj Predictors Beta t p

21.727 <0.001 0.282 Constant —7.943 0.0001
Years of education 0.387 7.447 0.0001
Neurologic/Pain/Dermatologic factor -0.228 —4.426 0.0001
Digestive/ Headache factor —0.154 —-2.992 0.003
Respiratory/Fever/Fatigue/Psychiatric factor —0.139 - 2715 0.007
Smell/ Taste -0.132 —-2.577 0.010

Executive Function component (TMT, Stroop, Digit symbol)

F P R Predictors Beta t P

17.006 <0.001 0.242 Constant -0.279 0.780
Years of education 0.227 4.017 0.0001
Respiratory/Fever/Fatigue/Psychiatric factor —-0.233 —4.346 0.0001
Neurologic/ Pain/ Dermatologic factor - 0215 —4.007 0.0001
Digestive/ Headache factor -0.171 -3.182 0.002
Age —-0.161 —2.881 0.004

Verbal memory component (RAVLT)

F p R2adj Predictors Beta t p

17.798 <0.001 0.233 Constant 0.485 0.628
Age —0.246 —4.476 0.0001
Years of education 0.197 3.639 0.0001
Neurologic/ Pain/ Dermatologic factor —0.188 —3.659 0.0001
Respiratory/Fever/Fatigue/Psychiatric factor -0.152 —2.943 0.004
Sex (female) 0.130 2.453 0.015

Language component (Phonetic and semantic fluency, BNT)

F p Rz.ddj Predictors Beta t p

28.508 <0.001 0.240 Constant —6.159 0.0001
Years of education 0.232 8.780 0.0001
Sex (male) —-0.131 —3.064 0.002
Age 0.169 2.991 0.003

Attention and WM component (Digit span forward, Digit span backward)

F p R Predictors Beta t p

7.713 <0.001 0.124 (Constant) 0.428 0.669
Years of education 0.179 2.984 0.003
Neurologic/ Pain/ Dermatologic factor -0.184 -3.219 0.001
Age —-0.157 —2.585 0.010
Sex (male) -0.134 —2.302 0.022

Social cognition (RMET)

F p Rzadj Predictors Beta t p

20.738 <0.001 0.119 (Constant) —5.866 0.0001
Years of education 0.330 5.960 0.0001
Obesity -0.117 —2.108 0.036

MoCA Montreal Cognitive Assessment, TMT Trail Making Test, RAVLT Rey’s auditory verbal Learning Test, WM working memory, RMET

Reading the Mind in the Eyes Test

Neurologic/Pain/Dermatologic component: skin problems, limb weakness, paresthesia, and muscle and joint pain

Respiratory/Fever/Fatigue/Psychiatric component: breathing issues, fever, depressive symptoms, anxious symptoms, psychotic symptoms, and fatigue

Digestive/Headache component: nausea, loss of appetite, dizziness, diarrhea, shaking chills, and headache

Smell/Taste component: smell and taste alterations
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patient; the questionnaire itself was based on the symptoms
most frequently reported in the literature. Thus, the presence
of initial symptoms was recorded and scored retrospectively,
which may have introduced recall bias. Moreover, we col-
lected data for the presence and duration but not the inten-
sity of each symptom. We did not use objective severity
measures such as hypoxemia, days of sedation or weaning,
or blood inflammatory levels, and the analysis was based
solely on the reported symptoms. Since these factors may
better explain the cognitive deficit, these variables will be
examined in depth in future studies to understand the patho-
genesis of cognitive dysfunction in PCC individuals.

On the other hand, our sample size was reasonably large
and represented the full spectrum of COVID-19 severity.
Although the control group was not optimal because we
had to control for some variables statistically, it was tested
simultaneously with the COVID-19 participants, with the
HCs experiencing the same pandemic circumstances. Unlike
other studies, our participants were selected on the basis
of inclusion criteria that precluded the presence of neuro-
logical, psychiatric, or systemic illnesses before COVID-19,
conditions that could have influenced the cognitive findings.
In addition, the cognitive examination was carried out in per-
son with an extensive neuropsychological battery commonly
used in the clinical context, which validated its applicability.

In conclusion, the results of this study showed evident
long-term impairments in patients with severe COVID-19
requiring ICU admission, although hospitalization per se did
not involve long-term neuropsychological sequelae. Global
cognition, executive function, and social cognition were the
domains most affected by the severity of COVID-19. For
the initial symptomatology, the factors Neurologic/Pain/
Dermatologic, Respiratory/Fever/Fatigue/Psychiatric, and
Digestive/Headache explained part of the variance of global
cognition, attention and working memory, verbal memory
and executive function.

Supplementary Information The online version supplementary mate-
rial available at https://doi.org/10.1007/s00415-023-11587-4.
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