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Abstract: Background: Common long-term sequelae after COVID-19 include fatigue and cognitive
impairment. Although symptoms interfere with daily living, the underlying pathology is largely
unknown. Previous studies report relative hypometabolism in frontal, limbic and cerebellar regions
suggesting focal brain involvement. We aimed to determine whether absolute hypometabolism was
present and correlated to same day standardized neurocognitive testing. Methods: Fourteen patients
included from a long COVID clinic had cognitive testing and quantitative dynamic [18F]FDG PET
of the brain on the same day to correlate cognitive function to metabolic glucose rate. Results: We
found no hypometabolism in frontal, limbic and cerebellar regions in cognitively impaired relative
to cognitive intact patients. In contrast, the cognitive impaired patients showed higher cerebellar
metabolism (p = 0.03), which correlated with more severe deficits in working memory and executive
function (p = 0.03). Conclusions: Hypermetabolism in the cerebellum may reflect inefficient brain
processing and play a role in cognitive impairments after COVID-19.

Keywords: COVID-19; cognitive impairment; brain metabolism; PET; work function; quality of life;
brain fog; positron emission tomography; FDG

1. Introduction

In the context of the Coronavirus Disease 2019 (COVID-19), many patients report
psychical and/or cognitive complaints after recovery [1]. These long-term sequelae after
COVID-19 are called ‘long COVID’ and commonly involve fatigue, dyspnea, and cognitive
impairment [2–4]. Long COVID is defined as symptoms persisting longer than 12 weeks
after the acute onset of COVID-19 according to the National Institute of Health and Care
Excellence (2022). Approximately 10–15% of patients are affected by long COVID, which
can occur across all ages [5,6] even after a mild course of illness [6,7]. However, significant
cognitive sequelae are mostly found in hospitalized or severely affected patients [7–9].
Interestingly, the different strains of SARS-CoV-2 do not seem to differ in symptomatology
of long COVID [10]. The widespread use of vaccinations may impact future prevalence of
long COVID, as indicated by the finding in a recent meta-analysis of low level of evidence
for risk reduction when vaccinated before SARS-CoV-2 infection [11].

In a recent case–control study, hospitalized patients with COVID-19 were found
to exhibit more cognitive impairments 6 months after discharge than demographically
matched patients hospitalized for other respiratory illnesses [12]. These long-term cognitive
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impairments are called ‘cognitive COVID’. Across studies, a common finding is that the
impairments are particularly pronounced in ‘higher order’ cognitive domains, such as
executive functions, sustained attention, and verbal learning and memory [9,13–15]. Deficits
in these cognitive domains reduce people’s ability to tackle complex cognitive challenges,
concentrate on tasks over longer periods of time, and keep track of things, and thereby
impede their occupational and psychosocial functioning [16,17]. In accordance with this, we
found that the severity of cognitive impairment after COVID-19 was associated with more
impaired work function, stress, depression and anxiety symptoms both three months [9]
and one year after acute illness [18].

Several recent studies and analysis of brain 2-[18F]fluoro-2-deoxy-D-glucose Positron
Emissions Tomography ([18F]FDG PET) found hypometabolism in cortical, limbic/paralimbic
regimes, and in the brainstem and cerebellum, which has been proposed as a cerebral
biomarker of cognitive COVID [1,5,19–22]. Specifically, brain PET-scans in long COVID
patients compared to healthy controls identified lower metabolic values in the bilateral
rectal/orbital gyrus, the right temporal lobe, including the amygdala and hippocampus,
bilateral pons/medulla brainstem, and cerebellum from three weeks to 11 months after
initial infection [1,5]. Further, hypometabolism in the cerebellum has repeatedly been
found to be associated with impairments in memory, attention, and executive function-
ing [1,5,23]. Attention and executive deficits have also been associated with prefrontal
hypometabolism [23]. In contrast, hypermetabolism has been demonstrated in the more
acute phase after COVID-19 [24], which was thought to reflect ongoing brain inflammation.
Notably, one [18F]FDG PET study was unable to replicate the metabolic brain changes even
in patients with severe cognitive complaints [25].

The above PET studies were performed using short static imaging assessing changes in
relative metabolic distribution rather than in regional absolute brain metabolism. Assessment
of such relative changes in metabolic distributions cannot detect global changes and may be
biased by areas with increased or decreased metabolism. It is also a limitation of the studies
that they did not directly compare patients with and without cognitive impairments after
COVID-19, which precludes insights into specific metabolic changes related to cognitive
impairment per se. In the present study, we therefore aimed to assess the impact of
COVID-19 on quantitative cerebral metabolic rate of glucose in individuals with and
without significant cognitive COVID identified from a sample of patients referred to a
long COVID clinic at Copenhagen University Hospital, Bispebjerg. We hypothesized (I)
that patients with cognitive long COVID sequelae would show lower absolute metabolism
in frontal or limbic cortical areas compared to cognitive intact long COVID patients (i.e.,
hypometabolism), (II) that previously observed cerebellar hypometabolism in long COVID
patients could be replicated with absolute quantification, and (III) that the difference in
regional metabolism would correlate with poorer cognitive performance.

2. Materials and Methods
2.1. Participants and Recruitment

Patients were recruited consecutively from June 2020 to December 2021 from the Long
COVID clinic at Copenhagen University Hospital, Bispebjerg, which they attended either
(I) as a standard follow-up assessment after hospitalization with COVID-19 in the hospital
department or (II) due to referral from their general practitioner because of lingering
physical symptoms, mostly respiratory problems after COVID-19. The study was part of a
larger study of long COVID approved by the regional ethics committee (H-20035553) [4]
and all patients gave consent after written and oral information in accordance with the
ethical standards as specified in the 1964 Declaration of Helsinki.

Diagnosis of COVID-19 had been made by a positive PCR test for SARS-CoV-2 from
the respiratory tract or a positive COVID-19 IgG titer. All patients at the Long COVID
clinic were screened for cognitive impairment with a brief objective cognitive screening
test (details below) compared to the expected performance based on their age, sex, and
level of education. Inclusion criteria was a score of more than 1.5 standard deviation (SD)
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lower than expected (‘impaired group’) or within 0.5 SD from the expected score (‘intact
group’) because we wanted to compare the clinically significantly cognitively impaired
with the cognitively normal individuals. Exclusion criteria were an ‘intermediate’ cognitive
performance score of 0.5–1.5 SD below expected, pre-existing neuropsychiatric disorder,
inability to lie still in scanner for an hour, and insufficient Danish proficiency for testing
(please refer to Supplemental Figure for overview).

2.2. Procedures

As part of their standard assessment at the long COVID clinic at Bispebjerg Hospital,
participants underwent objective cognitive screening (details below) and completed the
Cognitive Failures Questionnaire (CFQ) [26] and the EQ-5D-5L Quality of life questionnaire
(EQ5D) [27]. The Charlson Comorbidity Index (CCI) [28] was also completed. The PET
study was conducted on a separate occasion, also at the Bispebjerg Hospital. On this
occasion, participants completed a comprehensive neuropsychological test battery and
filled out the Beck Depression Inventory-II (BDI-II) [29] before undergoing PET imaging.

2.3. Cognitive Test Battery

The objective cognitive screening was conducted with the brief (<20 min) Screen for
Cognitive Impairment in Psychiatry Danish Version (SCIP-D) [30,31] and the Trail Making
Test Part B (TMT-B) [32]. SCIP-D is a test battery with five subtests that measures four
domains of cognitive functioning: Verbal learning and memory, working memory, verbal
fluency, and processing speed. Danish age, education and sex adjusted norms for the SCIP-
D were used [31] to assess patients’ performance. We also use age and education-based
norms for the Trail Making B test, which measures executive function [31].

The neuropsychological assessment on the day of PET imaging included the Rey
Auditory Verbal Learning Test (RAVLT) total learning, immediate recall, delayed recall, and
recognition [33,34], Coding and Digit Span Forward from the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) [35], the Letter-Number-Sequencing
(LNS) test from Wechsler’s Adult Intelligence Scale 3rd edition (WAIS-III) [36], Facial
Expression Recognition Task [37], and a verbal fluency test with letters S and D tests [38].
The participants were also given the Danish Reading Test for Adults (DART) [39] that
assessed the estimated premorbid verbal IQ.

2.4. PET Scanning

The quantitative PET examinations were performed as described previously [40] after
at least four hours fasting and immediately after the neuropsychological testing. Briefly,
the scans were performed in a Discovery MI PET/CT (GE Healthcare, Chicago, IL, USA)
after manual injection of 200 MBq of [18F]FDG simultaneous with initiation of a three-part
dynamic PET consisting of a 15 min recording of the descending thoracic aorta, a 40 min
recording of the brain and a 4 min recording of the descending thoracic aorta. A “low dose”
CTs of the thorax and the brain were performed and used for attenuation correction of the
PET images, and Q. Clear, a “Bayesian penalized likelihood” algorithm (GE Healthcare,
Chicago, IL, USA), was used for tomographic reconstruction with a β-value of 100. Plasma
glucose was measured immediately before the scanning procedure.

2.5. PET Analyses

To achieve the arterial input function necessary for quantification, the images of
the aorta were loaded into PMOD software (version 4.3, PMOD Technologies, Zürich,
Switzerland) and an ellipsoid VOI was manually drawn in the lumen of the descending
aorta on an early summed image in each patient as previously described [40]. Whole blood
activity concentration was extracted from the dynamic unsmoothed early images of aorta
as well as the late aorta image and fitted with a triexponential model after the peak to
estimate the missing plasma values during the brain part of the scan and corrected with
the previously found plasma–whole blood ratio.
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Cerebral Metabolic Rate of glucose (CMRglc) was calculated from a Gjedde–Patlak
plot with plasma glucose concentration as measured, a lumped constant of 0.65, and
blood volume, Vb fixed to 0.05. To delineate the brain volumes of interest, the PMOD
Neuro Tool’s workflow for PET-only studies was used and automatically delineated by
a probabilistic atlas (The AAL Neuro Atlas) [41]. For a frontal region accountable for
executive functions, we chose right and left superior frontal cortex. The right and left
temporal pole, hippocampus and amygdala were used as limbic structures previously
shown to be involved in long COVID, and cerebellum_8 was used as representative for
cerebellum also previously shown to be involved in long COVID.

2.6. Statistical Analyses

The statistical analyses were conducted using IBM Statistical Package for Social Sci-
ences (SPSS) statistics 25 for windows (IBM Corporation, Armonk, NY, USA) and the
statistical significance was set to an alpha-level of p < 0.05 (two-tailed). To examine whether
data were normally distributed, the Shapiro–Wilk’s test was used. The age, sex, level of
education, BMI, hospitalization, days from infection to PET-scan, and days between tests
along with results from the questionnaires, the SCIP-D and the neurological test battery
were compared with independent samples t-tests.

Expected cognitive SCIP scores were calculated based on participants’ age, sex and
education levels using regression-based formula established within a pre-established nor-
mative data set [31]. Expected Trail Making Test B scores were established based on age and
level of education. Cognitive domains for the neuropsychological tests were calculated by
z-transforming scores from the individual neuropsychological tests based on the mean and
SD of scores of 100 age-matched healthy control participants collected as part of another
study [42] and creating a mean of these z-scores for each domain. RAVLT subtests were
included in the verbal learning and memory domain; The LNS and verbal fluency tests
were included in the working memory and executive function domain. The RBANS Cod-
ing test represented processing speed while the RBANS Digit Span Forward constituted
attention. Associations between the cognitive domain scores and brain metabolism were
examined with Pearson’s correlations. A global cognition composite was generated by
adding together the cognitive domain scores and dividing it with the number of domains.

Hypothesis (I) and (II) regarding whether patients with cognitive impairments show
hypometabolism in frontal or limbic cortical areas and in the cerebellum compared to
cognitively intact patients were investigated using independent samples t-tests. Hypothesis
(III) regarding whether lower regional metabolism correlates with poorer cognition was
investigated with Pearson’s or Spearman’s correlations for normally and non-normally
distributed data, respectively.

3. Results
Participant Characteristics

Fourteen patients were included in the study, consisting of an “impaired” group (n = 8)
and “intact” group (n = 6) based on their scores on the SCIP-D (Table 1). The impaired and
intact groups were well balanced for sex (p = 0.65), age (p = 0.82), education (p = 0.10), days
between tests (p = 0.11), hospitalization for COVID-19 (p = 0.16), depression symptoms
(p = 0.38), quality of life (p = 0.63), self-reported cognitive difficulties (p = 0.38) estimated
verbal IQ (p = 0.95), BMI (p = 0.55) and Charlson Index (p = 0.60) (see Table 1). There was a
non-significant trend towards longer time since COVID-19 in the cognitively intact than in
the cognitively impaired groups (p = 0.09).
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Table 1. Demographic and clinical characteristics of the cognitively impaired and intact.

Impaired (n = 8) Intact (n = 6) p-Value

Age (mean ± SD) 54 ± 15 56 ± 13 0.82
Sex (Women; n (%)) 5 (63%) 3 (50%) 0.67

Education (mean ± SD) 13 ± 3 17 ± 3 0.10
Estimated verbal IQ (DART, mean ± SD) 112 ± 2 112 ± 8 0.95

Days between tests (mean ± SD) 41 ± 26 63 ± 17 0.11
Days from infection to PET-scan (mean ± SD) 210 ± 35 329 ± 152 0.09

Hospitalization (Yes; n (%)) 4 (57%) 1 (17%) 0.16
Depression rating (BDI, mean ± SD) 14 ± 7 11 ± 6 0.38
Quality of life (EQ-5D, mean ± SD) 5 ± 4 6 ± 4 0.63

BMI (mean ± SD) 27 ± 4 26 ± 3 0.55
Self-reported Cognitive Distortions (CFQ, mean ± SD) 37 ± 10 44 ± 15 0.38

Comorbid conditions (CCI, mean ± SD) 2.6 ± 1.7 3.8 ± 4.3 0.60

Table 2 displays brain metabolic values from the two groups. Examination of ex-
tracted brain metabolism values from the regions of interest showed higher cerebellar
metabolism in cognitively impaired compared to cognitively intact patients (t = 2.39,
df = 12, p = 0.03). Post hoc calculation of the odds ratio revealed that for every increase in
cerebellar metabolism of 1 point, the odds of belonging to the cognitively impaired category
doubled (Exp(β) = 2.03). There were also non-significant trends towards higher metabolism
in the cognitively impaired versus intact groups in bilateral hippocampi (t = 1.86, df = 12,
p = 0.09) and the superior temporal pole (t = 1.79, df = 12, p = 0.10). There were no other
statistically significant differences between groups in any other regions, although numer-
ically the same pattern of higher metabolism was seen in cognitively impaired patients
(p-values > 0.12). Post hoc comparison of brain metabolism between hospitalized and
non-hospitalized patients revealed no significant differences between groups across these
regions (p-values > 0.10).

Table 2. Cerebral Metabolic rate of glucose (µmol 100 g−1 min−1) in the regions of interest in cognitively
impaired and intact patients.

Impaired
(n = 8)

Intact
(n = 6) p-Value

Hippocampus (mean ± SD) 16.44 ± 2.65 14.08 ± 1.83 0.09
Amygdala (mean ± SD) 17.19 ± 3.31 14.58 ± 1.43 0.10
Thalamus (mean ± SD) 27.44 ± 5.99 23.17 ± 4.05 0.16

Superior Frontal Gyrus (mean ± SD) 32.25 ± 7.09 28.67 ± 4.65 0.31
Superior Temporal Pole (mean ± SD) 20.19 ± 3.90 16.92 ± 2.52 0.10

Gyrus Rectus (mean ± SD) 28.13 ± 5.62 24.67 ± 3.01 0.19
Pons (mean ± SD) 17.63 ± 2.67 16.33 ± 5.39 0.56

Cerebellum (mean ± SD) 22.88 ± 4.45 18.33 ± 1.37 0.03 *
Vermis (mean ± SD) 24.25 ± 4.53 20.67 ± 3.14 0.12

* p < 0.05.

Comprehensive neuropsychological testing revealed impairment of working memory
and executive function (t = −2.58, df = 8.93, p = 0.03) in the impaired versus the intact
groups with a large effect size (Tables 3 and 4). In contrast, the other cognitive domains
where comparable between groups (p-values > 0.25). Notably, deficits in working memory
and executive function correlated with higher cerebellar metabolism (p = 0.03), as identified
in the impaired group, and with higher metabolism in the bilateral superior temporal pole
(p = 0.03), amygdala (p = 0.01), thalamus (p = 0.04) and vermis (p = 0.04).
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Table 3. Cognitive test results in cognitively impaired, intact and Norm (SCIP) based on age,
education and sex norms [29].

Impaired (n = 8) Intact (n = 6) Norm (SCIP)

p-Value
Impaired vs. Intact

Intact vs. Norm
Impaired vs. Norm

All COVID vs. Norm

SCIP total score
(mean ± SD) 62 ± 6 79 ± 5 76 ± 4

0.001
0.30
0.001
0.06

SCIP 1 (Verbal
Learning, mean ± SD) 17.8 ± 3.3 22.7 ± 1.8 22.4 ± 1.1

0.009
0.66

0.001
0.06

SCIP 2 (Working
Memory, mean ± SD) 16.7 ± 5.0 21.0 ± 1.4 19.9 ± 0.7

0.07
0.04
0.04
0.39

SCIP 3 (Verbal
Fluency, mean ± SD) 10.2 ± 3.7 17.3 ± 2.3 16.3 ± 1.2

0.002
0.24

0.001
0.08

SCIP 4 (Verbal Recall,
mean ± SD) 7.0 ± 1.4 7.5 ± 2.1 7.2 ± 0.7

0.64
0.64
0.70
0.91

SCIP 5 (Psychomotor
Speed, mean ± SD) 10.0 ± 2.1 10.0 ± 1.7 10.4 ± 1.2

1
0.58
0.31
0.54

Trail Making B score
(s) (mean ± SD) 113 ± 25 89 ± 31 79 ± 16

0.16
0.40

0.003
0.04

Table 4. Cognitive test results based on neuropsychological tests.

Cognitive Domains Based on
Neuropsychological Test Battery (Mean ± SD) Impaired (n = 8) Intact (n = 6) p-Value

Global composite (mean ± SD) −0.72 ± 0.57 −0.39 ± 0.29 0.22
Working memory and executive function (mean

± SD) −0.72 ± 0.61 −0.04 ± 0.30 0.03 *

Verbal learning memory (mean ± SD) 0.07 ± 0.75 0.26 ± 0.54 0.67
Attention (mean ± SD) −0.58 ± 0.80 −0.58 ± 1.31 1

Psychomotor speed (mean ± SD) −2.11 ± 1.56 −1.18 ± 1.17 0.25
Facial Expression Recognition (mean ± SD) −0.07 ± 0.68 0.12 ± 0.45 0.64

* p < 0.05.

4. Discussion

In this PET imaging study, we compared absolute measures of brain metabolism
in 14 patients from a long COVID clinic pre-screened to have either clinically relevant
cognitive impairments (n = 8) or no cognitive impairment (n = 6). We did not replicate
previous findings of hypometabolism in frontal, limbic, and cerebellar regions [1]. In
contrast with the hypothesis, we found hypermetabolism in the cognitively impaired patients,
and this correlated with poorer cognitive performance.

Patients in the impaired group exhibited particular deficits in working memory and
executive function. Across all patients, the severity of working memory and executive func-
tion deficits correlated with higher metabolism in the cerebellum as well as in additional
temporal and limbic regions. Importantly, the differences between groups in cerebellar
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metabolism and cognitive function occurred in the absence of differences in demographic
or clinical characteristics.

We had expected the impaired executive functioning and working memory in the
‘cognitively impaired’ group to originate from aberrant metabolism in the prefrontal cortex
that is critical for higher order cognitive functions. The observation of specific hyperme-
tabolism in the cerebellum was therefore unexpected. Nevertheless, the cerebellum was
recently found to be involved in multiple cognitive domains and affective processes [43–45].
This broad supportive role of the cerebellum across cognitive domains may explain why
we found cerebellar hypermetabolism to be a key correlate of cognitive impairment. The
cerebellar hypermetabolism may represent excessive recruitment of this region in cognitive
processing in the impaired group and thus be a biomarker of inefficient brain processes.
This interpretation is consistent with evidence from functional magnetic resonance imaging
(fMRI) studies for task-related neuronal hyperactivity being a marker of inefficient brain
functioning [46]. In line with this, cerebellar hypermetabolism correlated with the severity
of cognitive impairment in our sample. However, the cerebellar hypermetabolism in cogni-
tively impaired versus intact post-COVID-19 patients contrasts with prior observations of
hypometabolism in the cerebellum and limbic regions after COVID-19 [1,5,19–22]. Method-
ological differences may explain this discrepancy. Specifically, we compared patients with
‘clinically significant’ cognitive impairments to patients who were ‘cognitively intact’. In
contrast, previous studies simply compared individuals with and without previous COVID-
19 [1,5,24]. An advantage of our design was that it enabled direct insight into the neuronal
underpinnings of cognitive sequelae of COVID-19 in the absence of confounding variables
because the only difference between groups was their cognitive status. Another possible
explanation for the discrepant findings was that we investigated absolute rather than relative
regional brain metabolism of glucose, of which the latter could be biased by areas with
increased or decreased metabolism.

We propose that the reason for the cerebellar hypermetabolism and deficits in working
memory and executive function may be exhaustion and fatigue (‘brain fog’), which is often
reported by patients with cognitive COVID. A possible biological cause for this fatigue
is systemic dysregulation of the immune system, as reflected by heightened inflammatory
response after COVID-19. Indeed, elevation of proinflammatory markers, such as cytokines
and D-dimers, has been associated with poorer cognitive function after COVID-19 [3,9,47]. In
keeping with this, analysis of post-mortem brain samples from patients who died with severe
COVID-19 revealed cortical changes that mirror those seen in old age, including activation of
genes associated with inflammation and stress and deactivation of cognition- and plasticity-
relevant genes [48]. Based on this evidence, treatments with anti-inflammatory actions have
gained great research interest for targeting cognitive sequelae of COVID-19 [49–51] While
findings from intervention studies are so far inconclusive [49], there is a need for further
larger scale randomized controlled trials investigating the potential cognitive benefits of
anti-inflammatory treatments in patients with cognitive COVID.

The main strength of the study is the rigorous cognitive assessment and the quantita-
tive PET glucose measurements performed on the same day, allowing for direct comparison
of cognition and glucose consumption and the possibility to evaluate global cerebral effects.
The main limitation of our study is the sample size (n = 14), which limits the statistical
power of the study and could have led to type 2 errors. Another limitation is that the
representativeness of the sample is limited to patients who have either been hospitalized
or have been referred to a long COVID clinic by their GP due to long COVID symptoms.
Therefore, the findings do not represent sequelae of COVID-19 in the general population.
However, referrals from GPs were based primarily on persistent respiratory symptoms
rather than cognitive complaints, which indicates that we do not have a selection bias for
cognitive impairment in our participants. Finally, it is a limitation that we did not have
patients’ pre-COVID cognitive measures. Nevertheless, the SCIP-D accommodates for
this to some extent by adjusting expected scores according to the individual patient’s age
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and education levels. This enables individualized age- and education-based norms, which
provide a good estimation of patients’ pre-COVID function.

In conclusion, we did not replicate previous findings of hypometabolism in limbic and
cerebellar regions. Unexpectedly, we found hypermetabolism in the cerebellum as a key
neural correlate underlying impairment in working memory and executive function after
COVID-19. Based on this preliminary evidence, larger PET imaging studies comparing
patients with and without cognitive COVID are now warranted to further investigate
the role of cerebellar hypermetabolism in patients’ impaired executive functions and
its association with demographic and clinical variables and blood-based biomarkers of
inflammation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci13010023/s1, Figure S1: Schematic diagram of inclusion.

Author Contributions: Conceptualization, K.W.M., S.J. and L.M.; data curation, J.L.B., A.C.H., S.J.
and D.P.; formal analysis, J.L.B. and A.C.H.; investigation, J.L.B., K.W.M., A.C.H., S.J. and D.P.;
supervision, K.W.M. and L.M.; writing—original draft, K.W.M. and J.L.B.; writing—review and
editing, K.W.M., J.L.B. and L.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee on Health Research Ethics of Capital Region of
Denmark (H-20035553, 22 April 2021). Data were handled according to regulations by The Danish
Data Protection Agency.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Due to national and local legal requirements regarding privacy issues,
it is not possible to make data openly available, and we support our legislation for ethical reasons.
We want to contribute relevant knowledge from our study to the greatest possible extent. Should
individual data be necessary, it is possible to enter into a process for creating a data sharing agreement.

Acknowledgments: The assistance with PET by technologists Benedicte Hjulskov Christensen and
Daniel Ask Riisberg is highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guedj, E.; Campion, J.Y.; Dudouet, P.; Kaphan, E.; Bregeon, F.; Tissot-Dupont, H.; Guis, S.; Barthelemy, F.; Habert, P.; Ceccaldi, M.;

et al. (18)F-FDG brain PET hypometabolism in patients with long COVID. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 2823–2833.
[CrossRef] [PubMed]

2. Bliddal, S.; Banasik, K.; Pedersen, O.B.; Nissen, J.; Cantwell, L.; Schwinn, M.; Tulstrup, M.; Westergaard, D.; Ullum, H.; Brunak, S.;
et al. Acute and persistent symptoms in non-hospitalized PCR-confirmed COVID-19 patients. Sci. Rep. 2021, 11, 13153. [CrossRef]
[PubMed]

3. Ceban, F.; Ling, S.; Lui, L.M.W.; Lee, Y.; Gill, H.; Teopiz, K.M.; Rodrigues, N.B.; Subramaniapillai, M.; Di Vincenzo, J.D.; Cao, B.;
et al. Fatigue and cognitive impairment in Post-COVID-19 Syndrome: A systematic review and meta-analysis. Brain Behav.
Immun. 2022, 101, 93–135. [CrossRef] [PubMed]

4. Johnsen, S.; Sattler, S.M.; Miskowiak, K.W.; Kunalan, K.; Victor, A.; Pedersen, L.; Andreassen, H.F.; Jorgensen, B.J.; Heeboll, H.;
Andersen, M.B.; et al. Descriptive analysis of long COVID sequelae identified in a multidisciplinary clinic serving hospitalised
and non-hospitalised patients. ERJ Open Res. 2021, 7, 00205–02021. [CrossRef]

5. Verger, A.; Kas, A.; Dudouet, P.; Goehringer, F.; Salmon-Ceron, D.; Guedj, E. Visual interpretation of brain hypometabolism
related to neurological long COVID: A French multicentric experience. Eur. J. Nucl. Med. Mol Imaging 2022, 49, 3197–3202.
[CrossRef] [PubMed]

6. Townsend, L.; Dyer, A.H.; Jones, K.; Dunne, J.; Mooney, A.; Gaffney, F.; O’Connor, L.; Leavy, D.; O’Brien, K.; Dowds, J.; et al.
Persistent fatigue following SARS-CoV-2 infection is common and independent of severity of initial infection. PLoS ONE 2020, 15,
e0240784. [CrossRef]

7. Douaud, G.; Lee, S.; Alfaro-Almagro, F.; Arthofer, C.; Wang, C.; McCarthy, P.; Lange, F.; Andersson, J.L.R.; Griffanti, L.; Duff, E.;
et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature 2022, 604, 697–707. [CrossRef]

https://www.mdpi.com/article/10.3390/brainsci13010023/s1
https://www.mdpi.com/article/10.3390/brainsci13010023/s1
http://doi.org/10.1007/s00259-021-05215-4
http://www.ncbi.nlm.nih.gov/pubmed/33501506
http://doi.org/10.1038/s41598-021-92045-x
http://www.ncbi.nlm.nih.gov/pubmed/34162913
http://doi.org/10.1016/j.bbi.2021.12.020
http://www.ncbi.nlm.nih.gov/pubmed/34973396
http://doi.org/10.1183/23120541.00205-2021
http://doi.org/10.1007/s00259-022-05753-5
http://www.ncbi.nlm.nih.gov/pubmed/35320385
http://doi.org/10.1371/journal.pone.0240784
http://doi.org/10.1038/s41586-022-04569-5


Brain Sci. 2023, 13, 23 9 of 10

8. Mao, L.; Jin, H.; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of
Hospitalized Patients With Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683–690. [CrossRef]

9. Miskowiak, K.W.; Johnsen, S.; Sattler, S.M.; Nielsen, S.; Kunalan, K.; Rungby, J.; Lapperre, T.; Porsberg, C.M. Cognitive
impairments four months after COVID-19 hospital discharge: Pattern, severity and association with illness variables. Eur.
Neuropsychopharmacol. 2021, 46, 39–48. [CrossRef]

10. Du, M.; Ma, Y.; Deng, J.; Liu, M.; Liu, J. Comparison of Long COVID-19 Caused by Different SARS-CoV-2 Strains: A Systematic
Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2022, 19, 16010. [CrossRef]

11. Notarte, K.I.; Catahay, J.A.; Velasco, J.V.; Pastrana, A.; Ver, A.T.; Pangilinan, F.C.; Peligro, P.J.; Casimiro, M.; Guerrero, J.J.;
Gellaco, M.M.L.; et al. Impact of COVID-19 vaccination on the risk of developing long-COVID and on existing long-COVID
symptoms: A systematic review. EClinicalMedicine 2022, 53, 101624. [CrossRef]

12. Nersesjan, V.; Fonsmark, L.; Christensen, R.H.B.; Amiri, M.; Merie, C.; Lebech, A.M.; Katzenstein, T.; Bang, L.E.; Kjaergaard, J.;
Kondziella, D.; et al. Neuropsychiatric and Cognitive Outcomes in Patients 6 Months After COVID-19 Requiring Hospitalization
Compared With Matched Control Patients Hospitalized for Non-COVID-19 Illness. JAMA Psychiatry 2022, 79, 486–497. [CrossRef]

13. Aiello, E.N.; Radici, A.; Mora, G.; Pain, D. Cognitive phenotyping of post-infectious SARS-CoV-2 patients. Neurol. Sci. 2022, 43,
4599–4604. [CrossRef]

14. Bertuccelli, M.; Ciringione, L.; Rubega, M.; Bisiacchi, P.; Masiero, S.; Del Felice, A. Cognitive impairment in people with previous
COVID-19 infection: A scoping review. Cortex 2022, 154, 212–230. [CrossRef]

15. Biagianti, B.; Di Liberto, A.; Nicolo Edoardo, A.; Lisi, I.; Nobilia, L.; de Ferrabonc, G.D.; Zanier, E.R.; Stocchetti, N.; Brambilla, P.
Cognitive Assessment in SARS-CoV-2 Patients: A Systematic Review. Front. Aging Neurosci. 2022, 14, 909661. [CrossRef]

16. Trotta, A.; Murray, R.; MacCabe, J. Do premorbid and post-onset cognitive functioning differ between schizophrenia and bipolar
disorder? A systematic review and meta-analysis. Psychol. Med. 2015, 45, 381–394. [CrossRef]

17. Poletti, S.; Palladini, M.; Mazza, M.G.; De Lorenzo, R.; group, C.-B.O.C.S.; Furlan, R.; Ciceri, F.; Rovere-Querini, P.; Benedetti, F.
Long-term consequences of COVID-19 on cognitive functioning up to 6 months after discharge: Role of depression and impact on
quality of life. Eur. Arch. Psychiatry Clin. Neurosci. 2022, 272, 773–782. [CrossRef]

18. Miskowiak, K.W.; Fugledalen, L.; Jespersen, A.E.; Sattler, S.M.; Podlekareva, D.; Rungby, J.; Porsberg, C.M.; Johnsen, S. Trajectory
of cognitive impairments over 1 year after COVID-19 hospitalisation: Pattern, severity, and functional implications. Eur.
Neuropsychopharmacol. 2022, 59, 82–92. [CrossRef]

19. Guedj, E.; Morbelli, S.; Kaphan, E.; Campion, J.-Y.; Dudouet, P.; Ceccaldi, M.; Cammilleri, S.; Nobili, F.; Eldin, C. From early limbic
inflammation to long COVID sequelae. Brain 2021, 144, e65. [CrossRef]

20. Guedj, E.; Million, M.; Dudouet, P.; Tissot-Dupont, H.; Bregeon, F.; Cammilleri, S.; Raoult, D. (18)F-FDG brain PET hy-
pometabolism in post-SARS-CoV-2 infection: Substrate for persistent/delayed disorders? Eur. J. Nucl. Med. Mol. Imaging
2021, 48, 592–595. [CrossRef]

21. Guedj, E.; Verger, A.; Cammilleri, S. PET imaging of COVID-19: The target and the number. Eur. J. Nucl. Med. Mol. Imaging 2020,
47, 1636–1637. [CrossRef] [PubMed]

22. Morbelli, S.; Ekmekcioglu, O.; Barthel, H.; Albert, N.L.; Boellaard, R.; Cecchin, D.; Guedj, E.; Lammertsma, A.A.; Law, I.;
Penuelas, I.; et al. COVID-19 and the brain: Impact on nuclear medicine in neurology. Eur. J. Nucl. Med. Mol. Imaging 2020, 47,
2487–2492. [CrossRef] [PubMed]

23. Kas, A.; Soret, M.; Pyatigoskaya, N.; Habert, M.O.; Hesters, A.; Le Guennec, L.; Paccoud, O.; Bombois, S.; Delorme, C. The cerebral
network of COVID-19-related encephalopathy: A longitudinal voxel-based 18F-FDG-PET study. Eur. J. Nucl. Med. Mol. Imaging
2021, 48, 2543–2557. [CrossRef]

24. Sollini, M.; Morbelli, S.; Ciccarelli, M.; Cecconi, M.; Aghemo, A.; Morelli, P.; Chiola, S.; Gelardi, F.; Chiti, A. Long COVID
hallmarks on [18F]FDG-PET/CT: A case-control study. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 3187–3197. [CrossRef] [PubMed]

25. Dressing, A.; Bormann, T.; Blazhenets, G.; Schroeter, N.; Walter, L.I.; Thurow, J.; August, D.; Hilger, H.; Stete, K.; Gerstacker, K.;
et al. Neuropsychologic Profiles and Cerebral Glucose Metabolism in Neurocognitive Long COVID Syndrome. J. Nucl. Med. 2022,
63, 1058–1063. [CrossRef]

26. Broadbent, D.E.; Cooper, P.F.; FitzGerald, P.; Parkes, K.R. The Cognitive Failures Questionnaire (CFQ) and its correlates. Br. J.
Clin. Psychol. 1982, 21, 1–16. [CrossRef]

27. Lloyd, A.; Pickard, A.S. The EQ-5D and the EuroQol Group. Value Health 2019, 22, 21–22. [CrossRef]
28. Charlson, M.E.; Pompei, P.; Ales, K.L.; MacKenzie, C.R. A new method of classifying prognostic comorbidity in longitudinal

studies: Development and validation. J. Chronic. Dis. 1987, 40, 373–383. [CrossRef]
29. Beck, A.T.; Steer, R.A.; Brown, G. Manual for Beck Depression Inventory-II; Psychological Corporation: San Antonio, TX, USA, 1996.
30. Jensen, J.H.; Stottrup, M.M.; Nayberg, E.; Knorr, U.; Ullum, H.; Purdon, S.E.; Kessing, L.V.; Miskowiak, K.W. Optimising screening

for cognitive dysfunction in bipolar disorder: Validation and evaluation of objective and subjective tools. J. Affect. Disord. 2015,
187, 10–19. [CrossRef]

31. Ott, C.V.; Knorr, U.; Jespersen, A.; Obenhausen, K.; Roen, I.; Purdon, S.E.; Kessing, L.V.; Miskowiak, K.W. Norms for the Screen
for Cognitive Impairment in Psychiatry and cognitive trajectories in bipolar disorder. J. Affect. Disord. 2021, 281, 33–40. [CrossRef]

32. Army Individual Test Battery. In Manual of Directions and Scoring; War Department, Adjutant General’s Office: Washington, DC,
USA, 1944.

http://doi.org/10.1001/jamaneurol.2020.1127
http://doi.org/10.1016/j.euroneuro.2021.03.019
http://doi.org/10.3390/ijerph192316010
http://doi.org/10.1016/j.eclinm.2022.101624
http://doi.org/10.1001/jamapsychiatry.2022.0284
http://doi.org/10.1007/s10072-022-06130-8
http://doi.org/10.1016/j.cortex.2022.06.002
http://doi.org/10.3389/fnagi.2022.909661
http://doi.org/10.1017/S0033291714001512
http://doi.org/10.1007/s00406-021-01346-9
http://doi.org/10.1016/j.euroneuro.2022.04.004
http://doi.org/10.1093/brain/awab215
http://doi.org/10.1007/s00259-020-04973-x
http://doi.org/10.1007/s00259-020-04820-z
http://www.ncbi.nlm.nih.gov/pubmed/32303786
http://doi.org/10.1007/s00259-020-04965-x
http://www.ncbi.nlm.nih.gov/pubmed/32700058
http://doi.org/10.1007/s00259-020-05178-y
http://doi.org/10.1007/s00259-021-05294-3
http://www.ncbi.nlm.nih.gov/pubmed/33677642
http://doi.org/10.2967/jnumed.121.262677
http://doi.org/10.1111/j.2044-8260.1982.tb01421.x
http://doi.org/10.1016/j.jval.2018.12.002
http://doi.org/10.1016/0021-9681(87)90171-8
http://doi.org/10.1016/j.jad.2015.07.039
http://doi.org/10.1016/j.jad.2020.11.119


Brain Sci. 2023, 13, 23 10 of 10

33. corwin, J. On measuring discrimination and response bias: Unequal numbers of targets and distractors and two classes of
distractors. Neuropsychology 1994, 8, 110–117. [CrossRef]

34. Rey, A. L'examen Clinique en Psychologie. [The Clinical Examination in Psychology]; Presses Universitaries De France: Oxford, UK, 1958.
35. Randolph, C.; Tierney, M.C.; Mohr, E.; Chase, T.N. The Repeatable Battery for the Assessment of Neuropsychological Status

(RBANS): Preliminary clinical validity. J. Clin. Exp. Neuropsychol. 1998, 20, 310–319. [CrossRef]
36. Wechsler, D. WAIS-III: Administration and Scoring Manual: Wechsler Adult Intelligence Scale; Psychological Corporation: San Antonio,

TX, USA, 1997.
37. Harmer, C.J.; Shelley, N.C.; Cowen, P.J.; Goodwin, G.M. Increased positive versus negative affective perception and memory in

healthy volunteers following selective serotonin and norepinephrine reuptake inhibition. Am. J. Psychiatry. 2004, 161, 1256–1263.
[CrossRef]

38. Borkowski, J.G.; Benton, A.L.; Spreen, O. Word fluency and brain damage. Neuropsychologia 1967, 5, 135–140. [CrossRef]
39. Nelson, H.E.; O’Connell, A. Dementia: The estimation of premorbid intelligence levels using the New adult reading test. Cortex

1978, 14, 234–244. [CrossRef]
40. Henriksen, A.C.; Lonsdale, M.N.; Fuglo, D.; Kondziella, D.; Nersesjan, V.; Marner, L. Non-invasive quantification of cerebral

glucose metabolism using Gjedde-Patlak plot and image-derived input function from the aorta. Neuroimage 2022, 253, 119079.
[CrossRef]

41. Tzourio-Mazoyer, N.; Landeau, B.; Papathanassiou, D.; Crivello, F.; Etard, O.; Delcroix, N.; Mazoyer, B.; Joliot, M. Automated
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 2002, 15, 273–289. [CrossRef]

42. Kessing, L.V.; Munkholm, K.; Faurholt-Jepsen, M.; Miskowiak, K.W.; Nielsen, L.B.; Frikke-Schmidt, R.; Ekstrom, C.; Winther, O.;
Pedersen, B.K.; Poulsen, H.E.; et al. The Bipolar Illness Onset study: Research protocol for the BIO cohort study. BMJ Open 2017,
7, e015462. [CrossRef]

43. Schmahmann, J.D. The cerebellum and cognition. Neurosci. Lett. 2019, 688, 62–75. [CrossRef]
44. Koziol, L.F.; Budding, D.; Andreasen, N.; D'Arrigo, S.; Bulgheroni, S.; Imamizu, H.; Ito, M.; Manto, M.; Marvel, C.; Parker, K.; et al.

Consensus paper: The cerebellum’s role in movement and cognition. Cerebellum 2014, 13, 151–177. [CrossRef]
45. Jacobi, H.; Faber, J.; Timmann, D.; Klockgether, T. Update cerebellum and cognition. J. Neurol. 2021, 268, 3921–3925. [CrossRef]

[PubMed]
46. Miskowiak, K.W.; Petersen, C.S. Neuronal underpinnings of cognitive impairment and—Improvement in mood disorders. CNS

Spectr. 2019, 24, 30–53. [CrossRef]
47. Mazza, M.G.; Palladini, M.; De Lorenzo, R.; Magnaghi, C.; Poletti, S.; Furlan, R.; Ciceri, F.; group, C.-B.O.C.S.; Rovere-Querini, P.;

Benedetti, F. Persistent psychopathology and neurocognitive impairment in COVID-19 survivors: Effect of inflammatory
biomarkers at three-month follow-up. Brain Behav. Immun. 2021, 94, 138–147. [CrossRef] [PubMed]

48. Marshall, M. COVID and the brain: Researchers zero in on how damage occurs. Nature 2021, 595, 484–485. [CrossRef] [PubMed]
49. Duindam, H.B.; Kessels, R.P.C.; van den Borst, B.; Pickkers, P.; Abdo, W.F. Long-term cognitive performance and its relation to

anti-inflammatory therapy in a cohort of survivors of severe COVID-19. Brain Behav. Immun. Health 2022, 25, 100513. [CrossRef]
50. Putilina, M.V.; Grishin, D.V. SARS-CoV-2 (COVID-19) as a Predictor of Neuroinflammation and Neurodegeneration: Potential

Treatment Strategies. Neurosci. Behav. Physiol. 2021, 51, 577–582. [CrossRef]
51. Mas, M.; Garcia-Vicente, J.A.; Estrada-Gelonch, A.; Perez-Mana, C.; Papaseit, E.; Torrens, M.; Farre, M. Antidepressant Drugs and

COVID-19: A Review of Basic and Clinical Evidence. J. Clin. Med. 2022, 11, 4038. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1037/0894-4105.8.1.110
http://doi.org/10.1076/jcen.20.3.310.823
http://doi.org/10.1176/appi.ajp.161.7.1256
http://doi.org/10.1016/0028-3932(67)90015-2
http://doi.org/10.1016/S0010-9452(78)80049-5
http://doi.org/10.1016/j.neuroimage.2022.119079
http://doi.org/10.1006/nimg.2001.0978
http://doi.org/10.1136/bmjopen-2016-015462
http://doi.org/10.1016/j.neulet.2018.07.005
http://doi.org/10.1007/s12311-013-0511-x
http://doi.org/10.1007/s00415-021-10486-w
http://www.ncbi.nlm.nih.gov/pubmed/33656586
http://doi.org/10.1017/S1092852918001062
http://doi.org/10.1016/j.bbi.2021.02.021
http://www.ncbi.nlm.nih.gov/pubmed/33639239
http://doi.org/10.1038/d41586-021-01693-6
http://www.ncbi.nlm.nih.gov/pubmed/34234323
http://doi.org/10.1016/j.bbih.2022.100513
http://doi.org/10.1007/s11055-021-01108-z
http://doi.org/10.3390/jcm11144038

	Introduction 
	Materials and Methods 
	Participants and Recruitment 
	Procedures 
	Cognitive Test Battery 
	PET Scanning 
	PET Analyses 
	Statistical Analyses 

	Results 
	Discussion 
	References

