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ARTICLE INFO ABSTRACT

Keywords: Background: A neurocognitive phenotype of post-COVID-19 infection has recently been described that is char-
Anosognosia acterized by a lack of awareness of memory impairment (i.e., anosognosia), altered functional connectivity in the
Cytokine

brain’s default mode and limbic networks, and an elevated monocyte count. However, the relationship between

ggi‘;mm these cognitive and brain functional connectivity alterations in the chronic phase with the level of cytokines
SARS-CoV-2 during the acute phase has yet to be identified.

Post-COVID-19 condition Aim: Determine whether acute cytokine type and levels is associated with anosognosia and functional patterns of
Immunology brain connectivity 6-9 months after infection.

Methods: We analyzed the predictive value of the concentration of acute cytokines (IL-1RA, IL-1, IL-6, IL-8, IFNy,
G-CSF, GM-CSF) (cytokine panel by multiplex immunoassay) in the plasma of 39 patients (mean age 59 yrs,
38-78) in relation to their anosognosia scores for memory deficits via stepwise linear regression. Then, associ-
ations between the different cytokines and brain functional connectivity patterns were analyzed by MRI and
multivariate partial least squares correlations for the whole group.

Results: Stepwise regression modeling allowed us to show that acute TNFa levels predicted (R? = 0.145; § =
—0.38; p = .017) and were associated (r = —0.587; p < .001) with scores of anosognosia for memory deficits
observed 6-9 months post-infection. Finally, high TNF« levels were associated with hippocampal, temporal pole,
accumbens nucleus, amygdala, and cerebellum connectivity.

Conclusion: Increased plasma TNFa levels in the acute phase of COVID-19 predict the presence of long-term
anosognosia scores and changes in limbic system functional connectivity.

Abbreviations: G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNy, interferon gamma; ICU, intensive
care unit; IL, interleukin; MRI, magnetic resonance imaging; PLSC, partial least squares correlation; RT-PCR, reverse transcription polymerase chain reaction; SAD,
self-appraisal discrepancy scores; TNFa, tumor necrosis factor.
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1. Introduction

Follow-up studies of patients with COVID-19 have highlighted the
prevalence of long-term cognitive disorders (Voruz et al., 2022d), rela-
tively independently of the severity of the respiratory disease in the
acute phase (Mazza et al., 2022; Voruz et al., 2022b). Memory and ex-
ecutive deficits are commonly reported, in addition to fatigue and psy-
chiatric symptoms (Alnefeesi et al., 2021; Mazza et al., 2021; Voruz
et al., 2022a, 2022b). Intriguingly, research has shown that some pa-
tients are unaware of their memory impairment (i.e., anosognosia for
memory dysfunction) (Voruz et al., 2022b). This symptom is associated
with poorer cognitive performances and changes in the functional con-
nectivity of the limbic system among patients with COVID-19, but also in
other pathologies (Starkstein, 2014; Voruz et al.,, 2022b, 2022c).
Long-term anosognosia for memory dysfunction after COVID-19 has also
been associated with leukocyte variations during the acute phase
(Nuber-Champier, 2022), with the monocyte count in the acute phase
predicting anosognosia for memory loss 6-9 months after infection. The
inflammatory cascade triggered by SARS-CoV-2 infection involves the
secretion of numerous cytokines including tumor necrosis factor (TNFa),
a key cytokine in signaling and COVID-19-related protein cascades
(Karki et al., 2021). One emerging hypothesis following observations of
persistent long-term cognitive difficulties and physiological patterns
after COVID-19 suggests a potential trigger or accelerator of neurode-
generative process (Beauchet and Allali, 2022; McAlpine et al., 2021).
Indeed, different studies have shown that COVID-19 associates with
neurotoxicity, hippocampal degeneration, and increased risk of Alz-
heimer’s disease (Bayat et al., 2022; Chiricosta et al., 2021; Li et al.,
2022). However, although the hypothesis of an initiation (or accelera-
tion) of neurodegenerative cascades is central after COVID-19 infection,
other hypotheses that limbic encephalitis after COVID-19 (Franke et al.,
2023, 2021) would result in persistent cognitive symptoms could
potentially be another interesting avenue (Shnayder et al., 2022).

Finally, previous research underlined the role of cytokine markers in
the persistence of psychiatric symptoms three months after infection
(Mazza et al.,, 2021), while others highlighted the existence of re-
lationships between immune, cognitive and neuropsychiatric data in
pathologies such as depression, lupus, and Alzheimer’s disease (Barcik
et al., 2021; Diamond et al., 2006; Kronfol and Remick, 2000; McAfoose
and Baune, 2009). Therefore, it would be interesting to explore whether
blood cytokine levels reflecting the immune response in the acute phase
of COVID-19 are associated with cognitive disorders following
COVID-19.

In this context, the aim of the present study was twofold: i) to explore
whether cytokine synthesis is associated with (and predictive of) long-
term anosognosia, and ii) to investigate the relationship between func-
tional brain connectivity and cytokine markers (Contreras et al., 2020;
Jayaraman et al., 2021).

Based on previous results indicating that variation of monocytes to
total leukocytes is predictive of anosognosia in the chronic phase
(Nuber-Champier, 2022), together with the observation of an associa-
tion between cytokines and cognitive disorders in other diseases
(Kronfol and Remick, 2000; McAfoose and Baune, 2009), we hypothe-
sized that innate immune cytokine synthesis in the acute phase of
COVID-19 predicts anosognosia scores for memory dysfunction in the
chronic phase of COVID-19 (6-9 months after infection). In addition,
and in line with known associations between brain structures and in-
flammatory processes in both Alzheimer’s disease (Bayat et al., 2022;
Jayaraman et al., 2021) and COVID-19 (Douaud et al., 2022), we ex-
pected to observe patterns of brain connectivity involving the hippo-
campal, para-hippocampal and subcortical structures related to
inflammatory markers (e.g., TNFa).
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2. Methods
2.1. General procedure

From the COVID-COG cohort, this study consisted of extracting pa-
tients with viable acute cytokine data, and neuropsychological assess-
ment data; in particular regarding memory anosognosia observed in the
long term 6-9 months after infection. In this way, a regression analysis
was performed to highlight the predictive value of acute cytokines on
long-term cognitive impairment, in particular for anosognosia for
memory deficits. Finally, functional imaging analyses were performed to
highlight functional differences in relation to cognitive phenotypes and
immune markers. Additional analyses for comparison and prediction of
anosognosia status are presented in the supplementary informations E-J.

2.2. The COVID-COG cohort

In the COVID-COG cohort (Voruz et al., 2022d), 121 patients were
included following strict inclusion criteria. Notably, patients had no
history of neurological, psychiatric, cancer, neurodevelopmental pa-
thology, pregnancy or age over 80 years, and a confirmed COVID-19
infection by positive polymerase chain reaction (PCR) test from a
nasopharyngeal swab and/or positive serological results. The patients
were divided according to the severity of their infection in the acute
phase, i.e., a so-called mild group of infected but not hospitalized pa-
tients (n = 49), a so-called moderate group of hospitalized patients
without the need for mechanical ventilation (n = 48) and a so-called
severe group of patients coming from intensive care and requiring me-
chanical ventilation (n = 24). Each group was matched and comparable
with respect to age, socio-cultural level, language (interview in French)
and clinical variables such as diabetes or medical history (e.g., sleep
apnea). Each patient was assessed using a battery of validated cognitive
tests, 6-9 months after SARS-CoV-2 infection, during a neuropsycho-
logical interview in the neurology department of the University Hospi-
tals of Geneva. The battery consisted of tests assessing memory,
executive, perceptual, praxis, emotional, language, attention, and
reasoning processes. In addition, psychiatric questionnaires were
completed (Voruz et al., 2022a), a neurological examination was also
performed by two certified neurologists, and an magnetic resonance
imaging (MRI) (see below).

The brain MRI acquisition procedure is extensively described in
Voruz et al. (2022b), and details of the MRI sequences are listed in
supplementary information A-C. Preprocessing of the functional and
structural images was performed with fMRIPrep 20.2.3 (Esteban et al.,
2019), which is based on Nipype 1.6.1 (Gorgolewski et al., 2011).
Functional connectivity was measured as the Fisher-transformed
Spearman’s correlation coefficient between timeseries averaged within
a custom brain parcellation. We considered 100 cortical (Schaefer et al.,
2018), 34 cerebellar (Diedrichsen et al., 2009) and 22 subcortical
(Amunts et al., 2013) regions associated with 19 resting-state networks:
17 cortical, 1 cerebellar, and 1 subcortical (Yeo et al., 2011).

After being given a full description of the study, participants pro-
vided their written informed consent. The study was conducted in
accordance with the Declaration of Helsinki, and the study protocol was
approved by the cantonal ethics committee of Geneva (CER-02186).

2.3. Objective cognitive measurement of memory processes

In accordance with the MNESIS model (Eustache et al., 2016), we
measured different dimensions of memory. We used 4 memory tasks to
highlight verbal episodic memory, visuo-spatial episodic memory, ver-
bal and visuo-spatial working and short-term memory processes. We
used the following tools: the numerical span (Drozdick et al., 2018)
measuring verbal and short-term working memory, the Corsi test (Kes-
sels et al., 2000) measuring visuo-spatial and short-term working
memory, the RLRI 16 (Grober and Buschke, 1987) measuring verbal
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episodic memory and the Rey figure (Meyers and Meyers, 1995)
measuring visuo-spatial episodic memory. These tests are commonly
used in clinical practice to assess memory processes. Measurements of
symptom validity and noncredible symptoms using the Behavior Rating
Inventory of Executive Function (Abeare et al., 2021) were satisfactory
for all participants (Voruz et al., 2022d).

2.4. Measurement of anosognosia of memory deficits

In order to quantify anosognosia, cognitive Complaints Self-Report
(QPC) (Thomas-Anterion et al., 2004) scores (QPC internal consis-
tency, Cronbach’s Alpha=0.80) were first standardized and divided as
follows: 0 = normal behavior, 1 = minor influence on daily life, 2 =
considerable influence on daily life, and 3 = substantial influence on
daily life. Each standardized subjective measure was then subtracted
from patients’ scores on standardized objective memory measures
(number span, Corsi test, free/cued recall of 16 items, and Rey’s com-
plex figure). This yielded self-appraisal discrepancy scores (SAD) scores
ranging from — 3-3, with scores below 0 indicating anosognosia. For
example, if a patient did not report any memory problems (cognitive
complaints score = 3), but failed objective memory tests (e.g., delayed
free recall RL/RI 16 score = 0), we assumed that this patient was ano-
sognosic for memory dysfunction: 0 (standardized episodic memory test
score) - 3 (cognitive complaints score) = —3. This SAD method has been
previously used in Voruz et al., 2022 and Nuber-Champier et al. (2022).
Furthermore, the group allocation according to nosognosia is available
in supplementary information D-E.

2.5. Retrospective dataset extraction from the COVID-COG cohort

On the 121 patients included in the cohort, 61 hospitalized patients
had blood samples for leukocyte distribution (Nuber-Champier, 2022).
Of the 61 hospitalized patients with blood samples, 39 patients had
analyzable samples for cytokine analysis. The present study sample
therefore consisted of 39 patients enrolled in the COVID-COG cohort
(Voruz et al.,, 2022d) who presented blood samples and leukocyte

Patients included in the COVID-COG
study N=121.
Divided into N=24 ICU patients, N=48
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distribution at the time of hospitalization, as described previously
(Nuber-Champier et al., 2022) (see Fig. 1 for the flowchart). Blood
samples for plasma cytokine analysis were collected between 16 March
2020 and 8 February 2021 during the first days after hospitalization for
COVID-19, no patient had received any medication that could impact on
cytokines levels. Of these, 15 patients benefited from brain MRI data.

2.6. Retrospective cytokine analysis

The analysis of cytokines from the biobank of the Geneva University
Hospitals’ laboratories including TNFa, interleukin (IL)— 1RA, IL-1p, IL-
6, IL-8, interferon gamma (IFNy), granulocyte colony-stimulating factor
(G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-
CSF), were measured (pg/ml) using commercially available multiplex
bead immunoassays (Fluorokine MAP Multiplex Human Cytokine Panel,
R&D Systems, Minneapolis, USA) and read using a Bioplex 200 Array
Reader (Bio-Rad Laboratories, Hercules, CA, USA) and Luminex®
xMAP™ technology (Luminex Corporation, Austin, TX, USA). It is to be
noted that the short time between sample processing and freezing did
not cause any alteration of the cytokines.

2.7. Statistical analysis

2.7.1. Predictive analyses of long-term anosognosia

We performed a stepwise linear regression analysis to predict ano-
sognosia scores for memory deficits (6—9 months post infection) by acute
cytokines (TNFa, IL-1RA, IL-1, IL-6, IL-8, IFNy, G-CSF and GM-CSF). We
included age, gender, education level and duration of hospitalization in
the regression model. We applied false discovery rate (FDR) correction.

2.7.2. Relationship between brain functional connectivity networks and
cytokine markers

We computed multivariate correlations between functional connec-
tivity measures and cytokine data using partial least squares correlation
(PLSC) analysis (Griffa et al., 2021; Kebets et al., 2019; Krishnan et al.,
2011; MclIntosh and Lobaugh, 2004). This approach served to identify

Fig. 1. Study flowchart. Note. Of the 121 patients
initially included in the COVID-COG cohort (Voruz
et al., 2022d), we retained only those hospitalized pa-
tients who presented blood sample data. Thus, 61

hospitalized patients and N=49 infected
but not hospitalized patients (Voruz et
al, 2022)

leucocyte

-

Exclusion criteria :

* Absence of hospitalization (no
acute blood data): N=49
Absence of blood sample with
distribution in
hospitalized patients : N=11

hospitalized patients presented venous blood data
(Nuber-Champier, 2022), including 39 patients’ sam-
ples suitable for cytokine analysis. Regarding the MRI
data a total of 41 hospitalized patients presented data
(Voruz et al., 2022c). However, of these 41 patients
only 15 patients had both analyzable blood samples for
cytokine quantification and MRI data. Abbreviation:

Patients with data on leukocyte
distribution at admission N=61
(Nuber-Champier et al, 2022

ICU, intensive care unit.

Exclusion criteria :
* Patients with

available for cytokine analysis :
N=22

no blood data

Patients with measurable cytokine
data N=39
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linear combinations (latent components) of whole-brain functional
connectivity patterns and acute-phase cytokines with maximum co-
variances across patients. The analyses were performed on the whole
sample, regardless of whether patients were anosognosic. The signifi-
cance of the multivariate correlations was evaluated with permutation
testing (1000 permutations), and the reliability of the features’ contri-
butions (loadings) to the correlation components with bootstrapping
(500 resamples). PLSC analyses were performed using the myPLS
toolbox (https://github.com/danizoeller/myPLS).

The significance threshold was set at p < .05 with Bonferroni
correction (Sedgwick, 2012) for multiple testing at p < .05. All analyses
apart from neuroimaging were performed with the statistical software
SPSS 28.0.1.

3. Results
3.1. Socio-demographical and cytokine variables

Of the 39 patients, 17 (43%) had symptoms requiring intermediate
hospitalization without mechanical ventilation in the acute phase of the
infection (moderate respiratory symptoms) and 22 (56%) required
hospitalization in an intensive care unit (ICU) with mechanical venti-
lation (severe respiratory symptoms). The clinical and sociodemo-
graphic data of this sample, extracted from the Geneva COVID-COG
cohort, are presented in Table 1. COVID-19 infection was detected by a
reverse transcription polymerase chain reaction (RT-PCR) test using the
LightCycler® 480 system (Roche, Switzerland) and blood samples were
taken 1.37 + 3.10 days on average after a positive PCR test. From these
samples cytokine concentration analyses were performed and are listed
in Table 2 (differences of cytokine concentration according to (a-)
nosognosia subgroup are presented in supplementary information F-H).
(Tables 1 and 2).

3.2. TNFa level in acute phase predicts scores of anosognosia for memory
deficits 6-9 months after COVID-19 infection

Regression models including cytokines as predictors of anosognosia
scores for memory deficits allowed us to show that TNFa« levels (pg/ml)
collected during the acute phase of the infection significantly predicted
(with FDR correction) anosognosia for memory deficits 6-9 months
post-infection (R? = 0.145; B = —0.38; p=.017) and was associated
with scores of anosognosia for memory deficits 6-9 months after

Table 1
Sociodemographic and clinical measures of patients 6-9 months after infection.

Patients (6-9 months
after infection)

n=39
Mean age in years ( + SD) 59.4 (+11.4)
Education level (1/2/3) 1/14/24

Sex (F/M) 8/31
Number of patients who required intermediate/intensive ~ 17/22
care in the acute phase

Mean days of hospitalization ( & SD) 30.33 ( + 28.40)

Mean days between positive RT-PCR test and collection 1.37 (£ 3.10)
of immunological data ( & SD)
Diabetes (Yes/No) 7/32
History of respiratory disorders (Yes/No) 9/30
History of cardiovascular disorders (Yes/No) 9/30
History of neurological disorders (Yes/No) 0/39
History of psychiatric disorders (Yes/No) 0/39
History of cancer (Yes/No) 0/39
History of severe immunosuppression (Yes/No) 0/39
History of developmental disorders (Yes/No) 0/39

Note. Education level: 1 = compulsory schooling, 2 = post-compulsory
schooling, and 3 = university degree or equivalent. RT-PCR: reverse transcrip-
tion polymerase chain reaction allowing RNA to be quantified to determine
COVID-19 infection.
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Table 2
Cytokine measures for patients with COVID-19 on admission to hospital.

Cytokine count on Day 1 of Patients cytokine count in acute phase (n =
hospitalization 39)
Mean ( + SD)

TNFo (pg/ml)
IL-6 (pg/ml)
1L-8 (pg/ml)
IL-1Ra (pg/ml)

4.72 ( + 4.08)

22.26 (+25.72)
24.13 (£ 52.37)
6487.94 ( 4 5080.61)

11-1 beta (pg/ml) 0.88 (+1.21)
IFN gamma (pg/ml) 1.54 (+1.69)
G-CSF (pg/ml) 20.97 ( + 34.54)
GM-CSF (pg/ml) 0.54 (+ 0.53)

Note. G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-
macrophage colony-stimulating factor; IFNy: interferon gamma; IL: interleukin;
TNFo: tumor necrosis factor.

infection. (r = —0.587; p < .001). Age, gender, education or number of
days in hospital did not predict anosognosia scores for memory
impairment 6-9 months post infection. In addition, as an exploratory
approach, the prediction of anosognosia status compared to non-
anosognosia status is presented in supplementary information I-J.
(Fig. 2).

3.3. Higher rates of TNFa are associated with reduced functional
connectivity in the hippocampus

The whole-group PLSC analyses revealed one significant component
(p = .01) that explained 35.01% of the covariance between measures of
the cytokine markers and functional connectivity. The neuroimaging
pattern revealed a positive contribution of the functional connectivity
between the default mode, somatosensory motor (SomMot), salience
ventral attention (SalVentAttn), and subcortical and cerebellar (Cereb)
networks including areas such as the hippocampus, precuneus, and
insula. In general, this pattern was associated with lower rates of both
TNFa and GM-CSF, as well as higher rates of IFNy.(Fig. 3).

4. Discussion

In the present study, we showed that TNFa plasma levels measured
during the acute phase of COVID-19 can predict scores of anosognosia
for memory deficits and are associated with changes in functional con-
nectivity in several networks including the hippocampus, temporal pole,
accumbens nucleus, amygdala, and cerebellum. Plasma levels of TNFa
measured in hospitalized patients during the acute phase of COVID-19
were reported to be higher in anosognosic patients compared to non-
anosognosic patients at the 6-9-month follow-up (see supplementary
information F-H).

The results of the present study support the hypothesis that immu-
nological events in the acute phase of COVID-19 are associated with the
presence of long-term cognitive sequelae. The cytokine storm observed
at the acute phase of COVID-19 is suggested to cause tissue damage in
many organs following infection (Ceban et al., 2022; Mangalmurti and
Hunter, 2020). Studies have shown that respiratory severity does not
sufficiently explain the long-term cognitive effects (Fernandez-Casta-
neda et al., 2022; Mazza et al., 2022; Voruz et al., 2022d), whereas
prolonged systemic inflammation may explain the long-term cognitive
and psychiatric sequela (Ceban et al., 2022; Fernandez-Castaneda et al.,
2022; Mazza et al., 2021). As previously described by Voruz et al.
(2022b), anosognosia for memory dysfunction could be a useful
neurological marker, capable of identifying patients with cognitive
deficits after COVID-19.

More specifically, the results of the present study suggest that levels
of the cytokine TNFa could be used to predict anosognosia scores for
memory deficits. These results were particularly robust, given that the
blood samples were taken at entry to hospital, so before any medication
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Fig. 2. Association between TNFa rates and scores of anosognosia for memory deficits. Note. Scores ranging from — 3 (not represented) to < 0 reflect anosognosia for
memory disorders, while scores ranging from 0 to + 3 reflects an absence of anosognosia (see also, Voruz et al., 2022 and supplementary information F-J).
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was given, and patients had no medical history with potential cognitive
implications prior to SARS-CoV-2 infection. Evidence of a relationship
between inflammatory markers and cognition has already been found in
other contexts. In their review, McAfoose and Baune (2009) described
the involvement of the cytokines IL-1f, IL-6 and TNF« in cognitive
processes associated with neurophysiological phenomena such as syn-
aptic plasticity and neurogenesis. More specifically, the authors argued
that these cytokines have an initial impact on learning and memory by
acting on hippocampal regions. Where there is prolonged exposure, they
can trigger the development of neurodegenerative molecular cascades.
More recently, in a longitudinal study, Lindbergh et al. (2020) showed
that TNFa is involved in the reduction of gray matter in older in-
dividuals, highlighting associations between TNFa and accelerated
brain atrophy and a decline in global cognitive performances.

The release of cytokines such as TNFa following SARS-CoV-2 infec-
tion has already been described (Karki et al., 2021). As reported by Lyra
e Silva et al. (2022), COVID-related inflammation has an impact on
mood disorders and increases the risk of developing dementia. Similarly,
Li et al. (2022) suggested that hospitalization with COVID-19 is asso-
ciated with a significantly higher risk of developing Alzheimer’s disease.
Research on Alzheimer’s disease has revealed potential degenerative
effects of TNFa in relation to functional connectivity. These studies have
also shown that TNFo mediates hippocampal neuronal loss in Alz-
heimer’s disease (Jayaraman et al., 2021). Curiously, similarities be-
tween post-COVID-19 condition and phenotypes of Alzheimer’s disease
have also emerged at the cognitive level. According to Starkstein (2014)
and Mondragon et al. (2019), anosognosia in Alzheimer’s disease re-
flects greater cognitive impairment and is associated with prefrontal,
temporal, subcortical and cerebellar anatomical structures, including
default mode network which is similar to what is observed in the context
of COVID-19 (Voruz et al., 2022b). Taken together, evidence of ano-
sognosia, TNFa plasma level elevation, and hippocampal hypo-
connectivity suggest similarities to the markers of Alzheimer’s disease
and could be long-term risk factors for cognitive impairment following
COVID-19.

There are potential treatments to modulate protein and cytokine
signaling cascades. Cheng et al. (2014) showed the strategic potential of
targeting TNFo and its production via microglia in order to limit cyto-
toxicity in neurons. According to these authors, this approach could
limit neurodegenerative cascades, and learning and memory disorders.
Ekert et al. (2018) recently reported beneficial changes in behavior and
cognition in all trials where TNFa was manipulated. Therefore, given
our results, it might be interesting to replicate the analyses with a larger
sample and to test whether limiting innate immune factors in the acute
phase has an effect on cognitive impairment in the chronic phase.
Furthermore, although an association between anosognosia and in-
flammatory effects has now been documented in post-COVID-19 con-
dition, it would be relevant to investigate whether similar associations
can be found in patients with multiple subjective cognitive complaints as
well as neuropsychiatric symptoms (i.e., opposite end of post-COVID-19
condition spectrum).

Finally, the present study had three main limitations that must be
considered when interpreting the results. First, the blood samples were
collected during the acute phase, and other confounding variables may
have influenced our observations and predictions on the immuno-
cognitive and neuroimaging relationships between the acute and
chronic phases (e.g., sedation). Second, although we recruited study
participants with strict criteria, we are still susceptible to selectivity
bias. Further investigation of the immunological response to COVID-19
and detailed analyses of cytokine markers should be carried out in larger
samples to confirm the present hypotheses. Third, data were collected
for participants who tested positive for COVID-19 in the earlier stages of
the pandemic. This means that we measured the effects of the initial
COVID-19 strain, and we cannot speculate whether subsequent SARS-
CoV-2 variants would have had the same impact.
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5. Conclusion

TNFa plasma levels in patients hospitalized with acute SARS-CoV2
infection predicted scores of anosognosia for memory dysfunction 6-9
months after infection. TNFa levels were significantly associated with
hippocampal connectivity. Our results suggest that certain protein cas-
cades, in particular the TNFa, are associated with cognitive and con-
nectivity processes that are reminiscent of neurodegenerative processes.
Therefore, the consideration of immunological markers (e.g., TNFa) in
the acute phase could be crucial for identifying patients at risk of
developing long-term cognitive impairments after COVID-19. Future
trials of possible immune interventions for cognitive deficits could have
major implications for the cognitive symptoms of post-COVID-19
condition.
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