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Abstract: The COVID-19 pandemic has brought attention to the long-term consequences of the
virus, particularly the persistent symptoms that characterize long COVID. This syndrome, which
can last for months after the initial infection, includes a range of neurological and neuropsychiatric
manifestations that have significant implications for brain health and dementia research. This
review explores the current understanding of long COVID’s cognitive, neurological, and psychiatric
symptoms and their potential impact on brain stimulation and neuroimaging studies. It argues that
researchers must adapt their study designs and screening processes to account for the confounding
effects of long COVID and ensure the accuracy and reliability of their findings. To advance the
understanding of this condition and its long-term effects on brain health, the review proposes a
series of strategies, including the development of standardized screening tools, the investigation
of underlying mechanisms, and the identification of risk factors and protective factors. It also
emphasizes the importance of collaborative research efforts and international data sharing platforms
in accelerating the pace of discovery and developing targeted interventions for individuals with long
COVID. As the prevalence of this condition continues to grow, it is imperative that the neuroscience
community comes together to address this challenge and support those affected by long COVID.
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1. Introduction

The SARS-CoV-2 virus, responsible for the COVID-19 pandemic, has infected millions
worldwide, leading to a wide range of acute and chronic health consequences [1]. While
much attention has been focused on the acute respiratory symptoms of COVID-19, a
growing body of evidence suggests that the virus can also have long-term effects on various
organ systems, including the brain [2]. Long COVID, a term used to describe persistent
symptoms experienced by individuals who have recovered from acute COVID-19 illness,
has emerged as a significant public health concern [3]. As brain health research continues,
it is essential to consider the potential impact of a history of COVID-19 infection and long
COVID symptoms on study outcomes. These symptoms can include cognitive impairment,
fatigue, mood disturbances, and other neurological issues that may persist for weeks or
months after the initial infection [3].

The prevalence of long COVID varies across studies due to differences in definitions,
study populations, and methodologies. A community-based study in England involving
606,434 participants found that the prevalence of persistent COVID-19 symptoms last-
ing 12 weeks or more was 1.7% overall, with a higher prevalence among women, older
individuals, and those with pre-existing health conditions [4]. A systematic review and
meta-analysis of 81 studies, including a total of 41,879 COVID-19 survivors, reported a
pooled prevalence of fatigue of 32% and a pooled prevalence of cognitive impairment of
22% among COVID-19 survivors in the post-acute phase [5]. Another study analyzing
electronic health records of 273,618 COVID-19 survivors found that the incidence of neu-
rological or psychiatric diagnoses at 6 months was 33.6%, with 12.8% receiving such a
diagnosis for the first time [6]. These studies suggest that the prevalence of long COVID is
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significant, with estimates ranging from 1.7% to 76% depending on the study population,
duration of follow-up, and specific symptoms assessed [4–8].

Brain health studies, conducted during and after the COVID-19 pandemic, have
often overlooked the potential impact of long COVID symptoms on their participants
and findings. This oversight may lead to confounding effects and inaccurate conclusions,
as long COVID has been associated with a range of neurological and neuropsychiatric
manifestations that can significantly influence brain health outcomes [1].

2. The Impact of Long COVID on Brain Health and Dementia

A recent review article [9] examined the effects of COVID-19 on cognition and brain
health. The authors highlight that COVID-19 is associated with a wide range of acute
and chronic neurological, cognitive, and mental health symptoms that can persist for
many months [6]. Cognitive deficits have been found in domains such as attention, exec-
utive function, and memory, even in mild cases without ongoing symptoms [10,11]. The
severity of these deficits is often related to the acute severity of COVID-19 [12,13]. Brain
imaging abnormalities have been observed in some patients, including reduced cortical
thickness, white matter changes, and hypometabolism in frontoparietal regions [14–16].
These abnormalities sometimes correlate with cognitive deficits [17,18]. The authors discuss
possible mechanisms for the cognitive effects, including cerebrovascular factors, dysreg-
ulated autoimmunity and neuroinflammation, and psychological impacts [19,20]. Direct
viral invasion of the brain is considered unlikely [21].

Risk factors for chronic cognitive impairment include older age, severity of acute
illness, and presence of ongoing symptoms [22,23]. Vaccination may reduce the risk of
long-term cognitive symptoms [24,25]. The authors emphasize that there are still many
unanswered questions about the trajectory of cognitive recovery, subtypes of post-COVID
cognitive problems, and the evolution of brain imaging findings over time. They call
for further interdisciplinary research to optimize treatment of the long-term effects on
cognition and brain health.

Table 1 presents an overview of the key findings from studies investigating the impact
of COVID-19 on cognitive function and brain health. The table is divided into sections
covering cognitive function in the acute and chronic phases, specific cognitive domains
(vigilance, executive functions, and episodic memory), the association between symptoms
and objective cognitive impairments, mental health and its association with cognition,
neuroimaging findings from MRI and FDG-PET, and possible underlying mechanisms.
Each finding is supported by relevant references from the literature. The table highlights
the persistence of cognitive deficits in some individuals, the potential impact of ongoing
symptoms, and the need for further research to establish the prevalence and mechanisms
of COVID-19-related brain changes. Understanding these factors is crucial for designing
future studies and developing targeted interventions for those affected by the long-term
cognitive and neurological consequences of COVID-19.

Table 1. Summary of the main findings on the effects of COVID-19 on cognition and brain health.

Topic Main Findings

Acute phase cognition (<3 months)

- Impairments found using cognitive screening tests, especially in those over 59 years
old and hospitalized patients [26,27];

- Deficits scaled with acute COVID-19 severity [10];
- Most affected domains were semantic reasoning and multi-stage planning [10];
- Executive dysfunction and memory deficits commonly reported [18,27–33].

Chronic phase cognition (>3 months)

- Attention, executive function, and memory deficits can persist, potentially up to
2 years in those with ongoing symptoms [11,14,27,29,34–43];

- Prevalence is unclear, but cognitive impairment more common in multiple domains
vs. single domain [27,35,44];

- Majority of mild-to-moderate cases recover within first year [22,45–47];
- Presence of ongoing symptoms a key factor in persistence of deficits [23,34,40].



Brain Sci. 2024, 14, 587 3 of 12

Table 1. Cont.

Topic Main Findings

Vigilance and sustained attention
- Significant impairment in detecting targets on simple tasks, even in young

individuals without subjective complaints [11,38].

Executive functions

- Trail-making task impairment at 7 months in severe cases, and worse with greater
age in milder cases [11–13,37];

- Younger people showed no chronic effects on trail-making tasks or other executive
functions [11,37,40,45,48].

Episodic memory
- Deficits irrespective of stimulus type (words or pictures), even in young mild cases

without ongoing symptoms [11,27,29,39–41,49,50].

Relation of symptoms to objective
cognitive impairments

- Ongoing cognitive symptoms a strong predictor of objective deficits [23,34,40,43];
- But deficits can occur in absence of symptoms, and association not always

found [9,36].

Mental health and cognition

- COVID-19 is linked to high rates of sleep disturbance, anxiety, and mood disorders
which impact cognition [10,13,23,45];

- But severity of mental health symptoms not consistently correlated with degree of
cognitive deficit [10,11,23,36,37,44,50].

Dementia risk - Long COVID may contribute to the development of dementia [51,52].

MRI (Acute phase)

- White matter abnormalities frequently reported, potentially due to
micro/macrovascular insults, infection, inflammation, or autoimmunity [53–56];

- But the majority had normal MRI even with acute neurological symptoms [57];
- One study found reduced intra-/extra-axonal volumes and increased free water

(vasogenic edema) in frontoparietal regions [16];
- Another found thalamic susceptibility and increased mean diffusivity in thalamic

radiation and sagittal stratum at 2–3 months [18].

MRI (Chronic phase)

- UK Biobank study found reduced cortical thickness in areas functionally connected
to olfactory cortex and increased diffusivity in orbitofrontal cortex, anterior
cingulate, insula, and amygdala at 5 months [14];

- At 1 year, one study found diffusion abnormalities in corpus callosum, corona
radiata, and superior longitudinal fasciculus, especially in ICU patients [7];

- Another at 1 year found reduced hippocampal volumes (greatest in hospitalized
patients) associated with impaired cognitive performance [58].

FDG-PET

- Frontoparietal hypometabolism consistently reported in patients with acute
neurological symptoms [15,59–61];

- Longitudinal studies show this tends to resolve by ~6 months [17,48,60,61];
- Other affected areas include thalamus, insula, medial temporal lobe [62–64];
- Cerebellum, pons, brainstem show mixed hyper- and hypometabolism

[15,17,59,60,63,64];
- Pattern of frontoparietal hypometabolism aligns with impairments in attention and

executive function [65,66].

Imaging and cognitive impairment

- Found across modalities, including task-based fMRI, resting-state fMRI, gray matter
volume, white matter integrity [14–16,27,58,67,68];

- One study found PCC patients had overall greater activation on n-back task,
correlating with symptom severity [58];

- Another found reduced connectivity between parahippocampal regions and
orbitofrontal-cerebellar connectivity at 11 months, with orbitofrontal changes
relating to memory [67].

3. Brain Laboratory Biomarkers in Long COVID

Emerging evidence suggests that various biological biomarkers may be altered in
patients with long COVID, potentially contributing to the neurological and cognitive
symptoms observed in this condition. Several studies have investigated biomarkers such
as tau, amyloid, light chains, lipids, proteins, and cytokines in the context of long COVID.
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Tau and amyloid: A study by Frontera et al. [69] found that hospitalized COVID-19
patients had elevated levels of total tau, phosphorylated tau-181, and GFAP in their cere-
brospinal fluid (CSF) compared to controls, suggesting potential neuronal injury and
astrocytic activation. However, the study did not specifically focus on long COVID patients.
Another study by Peluso et al. [70] reported that plasma neurofilament light chain (NfL)
levels were elevated in COVID-19 survivors at a median of 4.5 months post-infection,
correlating with cognitive impairment. The authors did not find significant differences in
amyloid or tau levels between COVID-19 survivors and controls.

Light chains: A study by Verde et al. [71] found elevated kappa free light chain
(KFLC) levels in the CSF of COVID-19 patients with neurological complications, suggesting
intrathecal immunoglobulin synthesis and potential autoimmune processes. However, the
study did not specifically focus on long COVID patients.

Lipids: A study by Fernández-Castañeda et al. [20] reported alterations in lipid
metabolism in the brains of mice infected with SARS-CoV-2, including increased levels of
ceramides and sphingolipids. The authors suggest that these changes may contribute to
the neurological and cognitive symptoms observed in long COVID.

Proteins and cytokines: A study by Phetsouphanh et al. [72] found persistent elevation
of pro-inflammatory cytokines, including IFN-β, IFN-γ, CXCL9, CXCL10, and TNF, in long
COVID patients compared to controls. The authors also reported increased levels of brain-
derived neurotrophic factor (BDNF) and a decrease in the neuroprotective factor NCAM1
in long COVID patients, potentially linking inflammation to neurological symptoms.

While these studies provide preliminary evidence for the involvement of various
biological biomarkers in long COVID, more research is needed to establish their role
in the pathogenesis of neurological and cognitive symptoms. Future studies should fo-
cus on larger cohorts of long COVID patients, employ standardized definitions and as-
sessments, and investigate the longitudinal dynamics of these biomarkers in relation to
clinical outcomes.

4. The Importance of Considering Long COVID in Brain Health Research

The impact of long COVID on brain health has significant implications for various
research studies investigating neurological conditions, cognitive function, and brain health.
In the context of brain stimulation therapies, such as transcranial magnetic stimulation
(TMS) or transcranial direct current stimulation (tDCS), failing to screen for long COVID
may lead to confounding effects. The neurological and cognitive symptoms associated with
long COVID, such as memory deficits, attention difficulties, and executive dysfunction [73],
could influence the outcomes of these stimulation interventions when used to treat cognitive
impairments or enhance cognitive function. Additionally, the neuroinflammatory and
neurophysiological changes associated with long COVID [3], such as persistent microglial
activation or altered neural connectivity, may interact with brain stimulation techniques in
unexpected ways. These interactions could potentially affect the safety and efficacy of brain
stimulation treatments for various neurological disorders in individuals with a history of
long COVID.

Similarly, in neuroimaging studies aimed at investigating brain structure, function,
and connectivity, neglecting to consider the presence of long COVID could lead to misinter-
pretation of results. Neuroimaging techniques, such as magnetic resonance imaging (MRI)
or positron emission tomography (PET), may reveal brain changes in individuals with long
COVID that overlap with those observed in other neurological conditions [52]. For example,
gray matter atrophy, white matter abnormalities, or altered brain metabolism in regions
typically affected by certain disorders may also be present in individuals with long COVID,
potentially leading to diagnostic confusion if long COVID status is not considered [74].

Furthermore, cognitive assessments and behavioral studies may also be impacted by
the presence of long COVID symptoms. Cognitive deficits and neuropsychiatric symptoms
associated with long COVID, such as attention lapses, memory problems, and mood distur-
bances, can influence performance on cognitive tests and other behavioral measures [51].



Brain Sci. 2024, 14, 587 5 of 12

Failing to account for these symptoms may lead to inaccurate conclusions about the cogni-
tive status or behavioral phenotypes of individuals with neurological conditions or other
brain health concerns.

Therefore, it is crucial for researchers and clinicians to incorporate screening for long
COVID history and symptoms when conducting studies related to brain health, cognitive
function, and neurological disorders. This will help to ensure accurate interpretation of
results, minimize confounding effects, and optimize treatment outcomes for individuals
with a history of long COVID.

Despite the growing evidence of long COVID’s impact on brain health, many studies
have not adapted their designs or screening processes to account for this factor. A review
by Premraj et al. [75] found that most studies investigating the neurological and neuropsy-
chiatric consequences of COVID-19 focused on the acute phase of the illness, with limited
attention given to the long-term effects of the virus on brain health [75].

To mitigate these concerns and advance our understanding of long COVID’s impact
on brain health, collaborative research efforts across neuroscience, psychology, psychiatry,
and other relevant fields are essential. Establishing multicenter research consortia, such as
the COVID-19 Neurology International Consortium (CONIC), can facilitate data sharing,
standardize research protocols, and promote cross-disciplinary collaboration. Leveraging
existing research networks and infrastructures, such as the Alzheimer’s Disease Research
Centers (ADRCs) or the NeuroNEXT Network, can also efficiently accelerate the study
of the long-term neurological and psychiatric consequences of COVID-19. Furthermore,
international collaboration and data harmonization efforts are crucial, given the global
nature of the COVID-19 pandemic and the potential for regional differences in Long COVID
prevalence and manifestations.

5. The Need for Adapted Study Designs

To ensure the accuracy and reliability of brain health research findings, it is crucial for
researchers to adapt their study designs to account for the potential confounding effects of
COVID-19 infection and long COVID symptoms. This may involve:

1. Screening participants for a history of COVID-19 infection—researchers should in-
clude questions about prior COVID-19 infection in their screening processes, as a
history of infection may influence brain health outcomes [76];

2. Assessing the presence of long COVID symptoms—participants should be screened
for the presence of persistent symptoms, such as cognitive impairment, fatigue, and
mood disturbances, which may be indicative of long COVID [4];

3. Stratifying analyses based on COVID-19 status—researchers should consider stratify-
ing their analyses based on participants’ COVID-19 status to evaluate the potential
impact of infection and long COVID on study outcomes [6];

4. Longitudinal assessments—incorporating longitudinal assessments into study designs
can help researchers track the long-term effects of COVID-19 on brain health and
identify potential interventions [10].

The challenge of identifying long COVID cases is further complicated by the fact that
some individuals may experience asymptomatic infections [77]. These individuals may
not be aware of their COVID-19 history, making it difficult for researchers to accurately
screen for potential confounding effects. This underscores the importance of developing
comprehensive screening methods and utilizing objective biomarkers, such as antibody
tests, to identify individuals with a history of COVID-19 infection.

6. The Importance of Screening for Long COVID

Screening for long COVID symptoms is particularly important in brain health research,
as the condition has been associated with a range of neurological and neuropsychiatric
manifestations [78]. These may include:

1. Cognitive impairment—long COVID patients have reported persistent difficulties
with memory, attention, and executive function [73];
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2. Fatigue—chronic fatigue is a common symptom of long COVID and may impact
cognitive performance and overall brain health [79];

3. Mood disturbances—long COVID has been associated with increased rates of depres-
sion, anxiety, and post-traumatic stress disorder (PTSD) [80].

By screening for these symptoms, researchers can better understand the potential
confounding effects of long COVID on brain health outcomes and develop targeted inter-
ventions to support affected individuals. In brain stimulation studies, screening for long
COVID can help researchers tailor interventions to address the specific neurological and
cognitive symptoms experienced by individuals with the condition [73]. In neuroimaging
studies, screening for long COVID can improve the accuracy of findings by ensuring that
observed differences in brain structure or function are not confounded by the presence of
persistent post-COVID symptoms [10].

To address this issue, researchers must prioritize the inclusion of long COVID screen-
ing in their study designs. This can involve incorporating questions about prior COVID-19
infection and persistent symptoms into screening processes, stratifying analyses based
on participants’ COVID-19 status, and conducting longitudinal assessments to track the
long-term effects of the virus on brain health [4].

7. Collaborative Research Efforts and Data Harmonization

To mitigate these concerns and advance our understanding of long COVID’s impact
on brain health, collaborative research efforts across neuroscience, psychology, psychiatry,
and other relevant fields are essential.

The COVID-19 Neurological and Psychiatric Sequelae (CNS) consortium is a global
collaboration of researchers and clinicians investigating the long-term neurological and
psychiatric consequences of COVID-19 [78]. The consortium aims to harmonize data col-
lection and analysis across multiple study sites to identify risk factors, biomarkers, and
potential interventions for long COVID-related neurological and psychiatric symptoms.
The CNS consortium has established a standardized protocol for data collection, including
detailed neurological and psychiatric assessments, cognitive testing, and biospecimen col-
lection [78]. Preliminary findings from the consortium suggest that a significant proportion
of individuals with long COVID experience persistent cognitive deficits, particularly in the
domains of attention, memory, and executive function [81].

The ALBA COVID study is an international longitudinal cohort study investigating
the long-term impact of COVID-19 on brain health and cognitive function [10]. The study
leverages online cognitive assessments and questionnaires to collect data from participants
worldwide, allowing for the identification of factors associated with cognitive impairment
in long COVID and the monitoring of cognitive trajectories over time. Initial results from
the ALBA COVID study indicate that individuals with long COVID perform worse on
cognitive tests compared to matched controls, with deficits observed in multiple domains,
including reasoning, problem-solving, and spatial working memory [6]. The study also
found that the severity of acute COVID-19 illness is associated with the degree of cognitive
impairment in long COVID [23].

The U.S. National Institutes of Health (NIH) launched the Post-Acute Sequelae of
SARS-CoV-2 infection (PASC) initiative to investigate the long-term consequences of
COVID-19 [82]. The initiative supports multiple studies investigating the biological mech-
anisms, risk factors, and potential interventions for long COVID. One of the PASC ini-
tiative’s key priorities is to develop a standardized set of common data elements (CDEs)
for long COVID research, which will facilitate data sharing and collaboration across re-
search teams [82]. The CDEs cover various domains, including demographics, medical
history, symptoms, and functional outcomes, and are designed to ensure consistency and
comparability of data across studies [83].

The potential impact of COVID-19 vaccinations on long COVID is an important con-
sideration in brain health research. Emerging evidence suggests that vaccination may
reduce the risk and severity of long COVID. A study by Antonelli et al. [24] found that
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individuals who received two doses of COVID-19 vaccine had a lower risk of develop-
ing long COVID compared to unvaccinated individuals [24]. Furthermore, vaccinated
individuals who did develop long COVID reported less severe symptoms and a shorter
duration of illness compared to their unvaccinated counterparts [24]. These findings high-
light the potential protective effect of vaccination against long COVID, although more
research is needed to fully understand the impact of vaccines on long-term neurological
and psychiatric outcomes.

8. Conclusions and Future Directions

In conclusion, considering long COVID in brain health and dementia research, partic-
ularly in brain stimulation and neuroimaging studies, is essential for ensuring the accuracy
and reliability of findings, developing targeted interventions for individuals with persistent
symptoms, and contributing to a better understanding of the long-term effects of COVID-
19 on brain health. As the prevalence of long COVID continues to grow, it is crucial for
researchers to adapt their methods to account for this important factor in their work.

The diagram presented in this manuscript (Figure 1) provides a comprehensive
overview of the key considerations and action steps needed to address the challenge
of long COVID in brain health research, with a specific focus on brain stimulation and
neuroimaging studies. For example, in the context of brain stimulation therapies, such as
transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS),
the diagram highlights the importance of screening for long COVID symptoms to ensure
that the presence of persistent neurological or psychiatric symptoms does not confound
treatment outcomes [84]. Similarly, in neuroimaging studies aimed at investigating brain
structure and function in the context of long COVID, the diagram emphasizes the need to
adapt study designs to account for the potential impact of persistent symptoms on brain
health outcomes [14].
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Moving forward, several key priorities should guide future research on long COVID
and brain health, as outlined in the diagram:

1. Develop and validate standardized screening tools and diagnostic criteria for long
COVID, considering the wide range of neurological and psychiatric symptoms associ-
ated with the condition. This will enable more accurate identification of individuals
with long COVID and facilitate comparisons across studies [85].

2. Investigate the mechanisms underlying the neurological and psychiatric manifesta-
tions of long COVID, including the role of inflammation, autoimmunity, and direct
viral effects on the brain. Understanding these mechanisms will inform the develop-
ment of targeted therapies and interventions, such as novel brain stimulation protocols
or neuroimaging-guided treatments [86].

3. Identify risk factors and protective factors for long COVID, including demographic,
clinical, and genetic factors. This knowledge will help stratify patients based on their
risk profiles and guide personalized prevention and treatment strategies, which may
involve tailored brain stimulation interventions or neuroimaging-based monitoring
approaches [5].

4. Conduct longitudinal studies to track the long-term trajectory of neurological and
psychiatric symptoms in individuals with long COVID, as well as the impact of
these symptoms on cognitive function, quality of life, and overall brain health. Such
studies, which may incorporate serial brain stimulation assessments or neuroimaging
evaluations, will provide valuable insights into the natural history of long COVID
and inform the timing and duration of interventions [51].

5. Develop and test targeted interventions for the neurological and psychiatric symptoms
of long COVID, including cognitive rehabilitation, symptom-specific medications,
and lifestyle modifications. Rigorous clinical trials are needed to establish the safety
and efficacy of these interventions, which may be combined with brain stimulation
therapies or guided by neuroimaging findings, to optimize treatment protocols [87].

6. Foster international collaboration and data sharing through the establishment of
research consortia, standardized protocols, and open-access data platforms. Such ef-
forts, which should include harmonized brain stimulation and neuroimaging method-
ologies, will accelerate the pace of discovery and ensure that findings are globally
applicable and generalizable [88].

Addressing these priorities, as illustrated in the diagram, will require a concerted
effort from the neuroscience community, policymakers, and funding agencies. By working
together to advance our understanding of long COVID and its impact on brain health,
particularly through the lens of brain stimulation and neuroimaging studies, we can
develop evidence-based strategies to support the millions of individuals affected by this
condition and mitigate its long-term consequences.

Funding: This research received no external funding.
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References
1. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;

Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]
2. 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]
3. Greenhalgh, T.; Knight, M.; A’court, C.; Buxton, M.; Husain, L. Management of post-acute COVID-19 in primary care. BMJ 2020,

370, m3026. [CrossRef]
4. Whitaker, M.; Elliott, J.; Chadeau-Hyam, M.; Riley, S.; Darzi, A.; Cooke, G.; Ward, H.; Elliott, P. Persistent COVID-19 symptoms in

a community study of 606,434 people in England. Nat. Commun. 2022, 13, 1957. [CrossRef]
5. Ceban, F.; Ling, S.; Lui, L.M.; 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.
2021, 101, 93–135. [CrossRef]

https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1136/bmj.m3026
https://doi.org/10.1038/s41467-022-29521-z
https://doi.org/10.1016/j.bbi.2021.12.020


Brain Sci. 2024, 14, 587 9 of 12

6. Taquet, M.; Geddes, J.R.; Husain, M.; Luciano, S.; Harrison, P.J. 6-month neurological and psychiatric outcomes in 236,379
survivors of COVID-19: A retrospective cohort study using electronic health records. Lancet Psychiatry 2021, 8, 416–427. [CrossRef]

7. Huang, S.; Zhou, Z.; Yang, D.; Zhao, W.; Zeng, M.; Xie, X.; Du, Y.; Jiang, Y.; Zhou, X.; Yang, W.; et al. Persistent white matter
changes in recovered COVID-19 patients at the 1-year follow-up. Brain 2021, 145, 1830–1838. [CrossRef] [PubMed] [PubMed
Central]

8. Nasserie, T.; Hittle, M.; Goodman, S.N. Assessment of the Frequency and Variety of Persistent Symptoms Among Patients With
COVID-19. JAMA Netw. Open 2021, 4, e2111417. [CrossRef] [PubMed] [PubMed Central]

9. Zhao, S.; Toniolo, S.; Hampshire, A.; Husain, M. Effects of COVID-19 on cognition and brain health. Trends Cogn. Sci. 2023, 27,
1053–1067. [CrossRef]

10. Hampshire, A.; Trender, W.; Chamberlain, S.R.; Jolly, A.E.; Grant, J.E.; Patrick, F.; Mazibuko, N.; Williams, S.C.; Barnby, J.M.;
Hellyer, P.; et al. Cognitive deficits in people who have recovered from COVID-19. eClinicalMedicine 2021, 39, 101044. [CrossRef]
[PubMed]

11. Zhao, S.; Shibata, K.; Hellyer, P.J.; Trender, W.; Manohar, S.; Hampshire, A.; Husain, M. Rapid vigilance and episodic memory
decrements in COVID-19 survivors. Brain Commun. 2022, 4, fcab295. [CrossRef] [PubMed] [PubMed Central]

12. Becker, J.H.; Lin, J.J.; Doernberg, M.; Stone, K.; Navis, A.; Festa, J.R.; Wisnivesky, J.P. Assessment of Cognitive Function in Patients
After COVID-19 Infection. JAMA Netw. Open 2021, 4, e2130645. [CrossRef] [PubMed] [PubMed Central]

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

14. Douaud, G.; Lee, S.; Alfaro-Almagro, F.; Arthofer, C.; Wang, C.; McCarthy, P.; Lange, F.; Andersson, J.L.; Griffanti, L.; Duff, E.;
et al. Brain imaging before and after COVID-19 in UK Biobank. Nature 2022, 604, 697–707. [CrossRef]

15. Hosp, J.A.; Dressing, A.; Blazhenets, G.; Bormann, T.; Rau, A.; Schwabenland, M.; Thurow, J.; Wagner, D.; Waller, C.; Niesen,
W.D.; et al. Cognitive impairment and altered cerebral glucose metabolism in the subacute stage of COVID-19. Brain 2021, 144,
1263–1276. [CrossRef] [PubMed] [PubMed Central]

16. Rau, A.; Schroeter, N.; Blazhenets, G.; Dressing, A.; I Walter, L.; Kellner, E.; Bormann, T.; Mast, H.; Wagner, D.; Urbach, H.; et al.
Widespread white matter oedema in subacute COVID-19 patients with neurological symptoms. Brain 2022, 145, 3203–3213.
[CrossRef] [PubMed] [PubMed Central]

17. Blazhenets, G.; Schröter, N.; Bormann, T.; Thurow, J.; Wagner, D.; Frings, L.; Weiller, C.; Meyer, P.T.; Dressing, A.; Hosp, J.A. Slow
but evident recovery from neocortical dysfunction and cognitive impairment in a series of chronic COVID-19 patients. J. Nucl.
Med. 2021, 62, 910–915. [CrossRef] [PubMed] [PubMed Central]

18. Raman, B.; Cassar, M.P.; Tunnicliffe, E.M.; Filippini, N.; Griffanti, L.; Alfaro-Almagro, F.; Okell, T.; Sheerin, F.; Xie, C.; Mahmod,
M.; et al. Medium-term effects of SARS-CoV-2 infection on multiple vital organs, exercise capacity, cognition, quality of life and
mental health, post-hospital discharge. eClinicalMedicine 2021, 31, 100683. [CrossRef] [PubMed] [PubMed Central]

19. Najjar, S.; Najjar, A.; Chong, D.J.; Pramanik, B.K.; Kirsch, C.; Kuzniecky, R.I.; Pacia, S.V.; Azhar, S. Central nervous system compli-
cations associated with SARS-CoV-2 infection: Integrative concepts of pathophysiology and case reports. J. Neuroinflammation
2020, 17, 231. [CrossRef] [PubMed] [PubMed Central]

20. Fernández-Castañeda, A.; Lu, P.; Geraghty, A.C.; Song, E.; Lee, M.-H.; Wood, J.; O’dea, M.R.; Dutton, S.; Shamardani, K.;
Nwangwu, K.; et al. Mild respiratory COVID can cause multi-lineage neural cell and myelin dysregulation. Cell 2022, 185,
2452–2468.e16. [CrossRef] [PubMed] [PubMed Central]

21. Cosentino, G.; Todisco, M.; Hota, N.; Della Porta, G.; Morbini, P.; Tassorelli, C.; Pisani, A. Neuropathological findings from
COVID-19 patients with neurological symptoms argue against a direct brain invasion of SARS-CoV-2: A critical systematic review.
Eur. J. Neurol. 2021, 28, 3856–3865. [CrossRef] [PubMed] [PubMed Central]

22. Liu, Y.-H.; Chen, Y.; Wang, Q.-H.; Wang, L.-R.; Jiang, L.; Yang, Y.; Chen, X.; Li, Y.; Cen, Y.; Xu, C.; et al. One-Year Trajectory of
Cognitive Changes in Older Survivors of COVID-19 in Wuhan, China A Longitudinal Cohort Study. JAMA Neurol. 2022, 79,
509–517. [CrossRef] [PubMed] [PubMed Central]

23. Hampshire, A.; Chatfield, D.A.; Mphil, A.M.; Jolly, A.; Trender, W.; Hellyer, P.J.; Del Giovane, M.; Newcombe, V.F.; Outtrim,
J.G.; Warne, B.; et al. Multivariate profile and acute-phase correlates of cognitive deficits in a COVID-19 hospitalised cohort.
eClinicalMedicine 2022, 47, 101417. [CrossRef] [PubMed]

24. Antonelli, M.; Penfold, R.S.; Merino, J.; Sudre, C.H.; Molteni, E.; Berry, S.; Canas, L.S.; Graham, M.S.; Klaser, K.; Modat, M.; et al.
Risk factors and disease profile of post-vaccination SARS-CoV-2 infection in UK users of the COVID Symptom Study app: A
prospective, community-based, nested, case-control study. Lancet Infect. Dis. 2022, 22, 43–55. [CrossRef] [PubMed] [PubMed
Central]

25. Al-Aly, Z.; Bowe, B.; Xie, Y. Long COVID after breakthrough SARS-CoV-2 infection. Nat. Med. 2022, 28, 1461–1467. [CrossRef]
26. de Alcântara, I.J.; Nuber-Champier, A.; Voruz, P.; Cionca, A.; Assal, F.; Péron, J.A. Cognitive Deficits in the Acute Phase of

COVID-19: A Review and Meta-Analysis. J. Clin. Med. 2023, 12, 762. [CrossRef] [PubMed] [PubMed Central]
27. Cecchetti, G.; Agosta, F.; Canu, E.; Basaia, S.; Barbieri, A.; Cardamone, R.; Bernasconi, M.P.; Castelnovo, V.; Cividini, C.; Cursi, M.;

et al. Cognitive, EEG, and MRI features of COVID-19 survivors: A 10-month study. J. Neurol. 2022, 269, 3400–3412. [CrossRef]
[PubMed] [PubMed Central]

https://doi.org/10.1016/s2215-0366(21)00084-5
https://doi.org/10.1093/brain/awab435
https://www.ncbi.nlm.nih.gov/pubmed/34918020
https://www.ncbi.nlm.nih.gov/pmc/PMC8754808
https://www.ncbi.nlm.nih.gov/pmc/PMC8754808
https://doi.org/10.1001/jamanetworkopen.2021.11417
https://www.ncbi.nlm.nih.gov/pubmed/34037731
https://www.ncbi.nlm.nih.gov/pmc/PMC8155823
https://doi.org/10.1016/j.tics.2023.08.008
https://doi.org/10.1016/j.eclinm.2021.101044
https://www.ncbi.nlm.nih.gov/pubmed/34316551
https://doi.org/10.1093/braincomms/fcab295
https://www.ncbi.nlm.nih.gov/pubmed/35128398
https://www.ncbi.nlm.nih.gov/pmc/PMC8807287
https://doi.org/10.1001/jamanetworkopen.2021.30645
https://www.ncbi.nlm.nih.gov/pubmed/34677597
https://www.ncbi.nlm.nih.gov/pmc/PMC8536953
https://doi.org/10.1016/j.euroneuro.2021.03.019
https://www.ncbi.nlm.nih.gov/pubmed/33823427
https://www.ncbi.nlm.nih.gov/pmc/PMC8006192
https://doi.org/10.1038/s41586-022-04569-5
https://doi.org/10.1093/brain/awab009
https://www.ncbi.nlm.nih.gov/pubmed/33822001
https://www.ncbi.nlm.nih.gov/pmc/PMC8083602
https://doi.org/10.1093/brain/awac045
https://www.ncbi.nlm.nih.gov/pubmed/35675908
https://www.ncbi.nlm.nih.gov/pmc/PMC9214163
https://doi.org/10.2967/jnumed.121.262128
https://www.ncbi.nlm.nih.gov/pubmed/33789937
https://www.ncbi.nlm.nih.gov/pmc/PMC8882885
https://doi.org/10.1016/j.eclinm.2020.100683
https://www.ncbi.nlm.nih.gov/pubmed/33490928
https://www.ncbi.nlm.nih.gov/pmc/PMC7808914
https://doi.org/10.1186/s12974-020-01896-0
https://www.ncbi.nlm.nih.gov/pubmed/32758257
https://www.ncbi.nlm.nih.gov/pmc/PMC7406702
https://doi.org/10.1016/j.cell.2022.06.008
https://www.ncbi.nlm.nih.gov/pubmed/35768006
https://www.ncbi.nlm.nih.gov/pmc/PMC9189143
https://doi.org/10.1111/ene.15045
https://www.ncbi.nlm.nih.gov/pubmed/34339563
https://www.ncbi.nlm.nih.gov/pmc/PMC8444743
https://doi.org/10.1001/jamaneurol.2022.0461
https://www.ncbi.nlm.nih.gov/pubmed/35258587
https://www.ncbi.nlm.nih.gov/pmc/PMC8905512
https://doi.org/10.1016/j.eclinm.2022.101417
https://www.ncbi.nlm.nih.gov/pubmed/35505938
https://doi.org/10.1016/S1473-3099(21)00460-6
https://www.ncbi.nlm.nih.gov/pubmed/34480857
https://www.ncbi.nlm.nih.gov/pmc/PMC8409907
https://www.ncbi.nlm.nih.gov/pmc/PMC8409907
https://doi.org/10.1038/s41591-022-01840-0
https://doi.org/10.3390/jcm12030762
https://www.ncbi.nlm.nih.gov/pubmed/36769410
https://www.ncbi.nlm.nih.gov/pmc/PMC9917639
https://doi.org/10.1007/s00415-022-11047-5
https://www.ncbi.nlm.nih.gov/pubmed/35249144
https://www.ncbi.nlm.nih.gov/pmc/PMC8898558


Brain Sci. 2024, 14, 587 10 of 12

28. Tavares-Júnior, J.W.; de Souza, A.C.; Borges, J.W.; Oliveira, D.N.; Siqueira-Neto, J.I.; Sobreira-Neto, M.A.; Braga-Neto, P. COVID-19
associated cognitive impairment: A systematic review. Cortex 2022, 152, 77–97. [CrossRef] [PubMed] [PubMed Central]

29. Crivelli, L.; Palmer, K.; Calandri, I.; Guekht, A.; Beghi, E.; Carroll, W.; Frontera, J.; García-Azorín, D.; Westenberg, E.; Winkler,
A.S.; et al. Changes in cognitive functioning after COVID-19: A systematic review and meta-analysis. Alzheimer’s Dement. 2022,
18, 1047–1066. [CrossRef] [PubMed] [PubMed Central]

30. Beaud, V.; Crottaz-Herbette, S.; Dunet, V.; Vaucher, J.; Bernard-Valnet, R.; Du Pasquier, R.; Bart, P.-A.; Clarke, S. Pattern of
cognitive deficits in severe COVID-19. J. Neurol. Neurosurg. Psychiatry 2020, 92, 567–568. [CrossRef]

31. Ortelli, P.; Ferrazzoli, D.; Sebastianelli, L.; Engl, M.; Romanello, R.; Nardone, R.; Bonini, I.; Koch, G.; Saltuari, L.; Quartarone, A.;
et al. Neuropsychological and neurophysiological correlates of fatigue in post-acute patients with neurological manifestations of
COVID-19: Insights into a challenging symptom. J. Neurol. Sci. 2021, 420, 117271. [CrossRef] [PubMed] [PubMed Central]

32. Alemanno, F.; Houdayer, E.; Parma, A.; Spina, A.; Del Forno, A.; Scatolini, A.; Angelone, S.; Brugliera, L.; Tettamanti, A.; Beretta,
L.; et al. COVID-19 cognitive deficits after respiratory assistance in the subacute phase: A COVID-rehabilitation unit experience.
PLoS ONE 2021, 16, e0246590. [CrossRef] [PubMed] [PubMed Central]

33. Méndez, R.; Balanzá-Martínez, V.; Luperdi, S.C.; Estrada, I.; Latorre, A.; González-Jiménez, P.; Feced, L.; Bouzas, L.; Yépez, K.;
Ferrando, A.; et al. Short-term neuropsychiatric outcomes and quality of life in COVID-19 survivors. J. Intern. Med. 2021, 290,
621–631. [CrossRef] [PubMed] [PubMed Central]

34. Baseler, H.A.; Baseler, H.A.; Aksoy, M.; Aksoy, M.; Salawu, A.; Salawu, A.; Green, A.; Green, A.; Asghar, A.U.R.; Asghar, A.U.R.
The negative impact of COVID-19 on working memory revealed using a rapid online quiz. PLoS ONE 2022, 17, e0269353.
[CrossRef] [PubMed] [PubMed Central]

35. García-Sánchez, C.; Calabria, M.; Grunden, N.; Pons, C.; Arroyo, J.A.; Gómez-Anson, B.; Lleó, A.; Alcolea, D.; Belvís, R.; Morollón,
N.; et al. Neuropsychological deficits in patients with cognitive complaints after COVID-19. Brain Behav. 2022, 12, e2508.
[CrossRef] [PubMed] [PubMed Central]

36. Ariza, M.; Cano, N.; Segura, B.; Adan, A.; Bargalló, N.; Caldú, X.; Campabadal, A.; Jurado, M.A.; Mataró, M.; Pueyo, R.; et al.
Neuropsychological impairment in post-COVID condition individuals with and without cognitive complaints. Front. Aging
Neurosci. 2022, 14, 1029842. [CrossRef] [PubMed] [PubMed Central]

37. Delgado-Alonso, C.; Valles-Salgado, M.; Delgado-Álvarez, A.; Yus, M.; Gómez-Ruiz, N.; Jorquera, M.; Polidura, C.; Gil, M.J.;
Marcos, A.; Matías-Guiu, J.A. Cognitive dysfunction associated with COVID-19: A comprehensive neuropsychological study. J.
Psychiatr. Res. 2022, 150, 40–46. [CrossRef] [PubMed] [PubMed Central]

38. Azcue, N.; Gomez-Esteban, J.C.; Acera, M.; Tijero, B.; Fernandez, T.; Ayo-Mentxakatorre, N.; Perez-Concha, T.; Murueta-Goyena,
A.; Lafuente, J.V.; Prada, A.; et al. Brain fog of post-COVID-19 condition and Chronic Fatigue Syndrome, same medical disorder?
J. Transl. Med. 2022, 20, 569. [CrossRef] [PubMed] [PubMed Central]

39. Albu, S.; Zozaya, N.R.; Murillo, N.; García-Molina, A.; Chacón, C.A.F.; Kumru, H. Multidisciplinary outpatient rehabilitation of
physical and neurological sequelae and persistent symptoms of covid-19: A prospective, observational cohort study. Disabil.
Rehabil. 2022, 44, 6833–6840. [CrossRef] [PubMed]

40. Guo, P.; Ballesteros, A.B.; Yeung, S.P.; Liu, R.; Saha, A.; Curtis, L.; Kaser, M.; Haggard, M.P.; Cheke, L.G. COVCOG 2: Cognitive
and Memory Deficits in Long COVID: A Second Publication From the COVID and Cognition Study. Front. Aging Neurosci. 2022,
14, 804937. [CrossRef] [PubMed] [PubMed Central]

41. Ferrando, S.J.; Dornbush, R.; Lynch, S.; Shahar, S.; Klepacz, L.; Karmen, C.L.; Chen, D.; Lobo, S.A.; Lerman, D. Neuropsychological,
Medical, and Psychiatric Findings after Recovery from Acute COVID-19: A Cross-sectional Study. J. Acad. Consult.-Liaison
Psychiatry 2022, 63, 474–484. [CrossRef] [PubMed] [PubMed Central]

42. Ferrucci, R.; Dini, M.; Groppo, E.; Rosci, C.; Reitano, M.R.; Bai, F.; Poletti, B.; Brugnera, A.; Silani, V.; Monforte, A.D.; et al.
Long-Lasting Cognitive Abnormalities after COVID-19. Brain Sci. 2021, 11, 235. [CrossRef] [PubMed] [PubMed Central]

43. Cheetham, N.J.; Penfold, R.; Giunchiglia, V.; Bowyer, V.; Sudre, C.H.; Canas, L.S.; Deng, J.; Murray, B.; Kerfoot, E.; Antonelli,
M.; et al. The effects of COVID-19 on cognitive performance in a community-based cohort: A COVID symptom study biobank
prospective cohort study. eClinicalMedicine 2023, 62, 102086. [CrossRef] [PubMed]

44. Poletti, S.; Palladini, M.; Mazza, M.G.; De Lorenzo, R.; 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] [PubMed] [PubMed Central]

45. Mattioli, F.; Stampatori, C.; Righetti, F.; Sala, E.; Tomasi, C.; De Palma, G. Neurological and cognitive sequelae of Covid-19: A four
month follow-up. J. Neurol. 2021, 268, 4422–4428. [CrossRef] [PubMed] [PubMed Central]

46. Petersen, E.L.; Goßling, A.; Adam, G.; Aepfelbacher, M.; Behrendt, C.-A.; Cavus, E.; Cheng, B.; Fischer, N.; Gallinat, J.; Kühn, S.;
et al. Multi-organ assessment in mainly non-hospitalized individuals after SARS-CoV-2 infection: The Hamburg City Health
Study COVID programme. Eur. Heart J. 2022, 43, 1124–1137. [CrossRef] [PubMed] [PubMed Central]

47. Del Brutto, O.H.; Rumbea, D.A.; Recalde, B.Y.; Mera, R.M. Cognitive sequelae of long COVID may not be permanent: A
prospective study. Eur. J. Neurol. 2022, 29, 1218–1221. [CrossRef] [PubMed]

48. 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] [PubMed] [PubMed Central]

https://doi.org/10.1016/j.cortex.2022.04.006
https://www.ncbi.nlm.nih.gov/pubmed/35537236
https://www.ncbi.nlm.nih.gov/pmc/PMC9014565
https://doi.org/10.1002/alz.12644
https://www.ncbi.nlm.nih.gov/pubmed/35297561
https://www.ncbi.nlm.nih.gov/pmc/PMC9073922
https://doi.org/10.1136/jnnp-2020-325173
https://doi.org/10.1016/j.jns.2020.117271
https://www.ncbi.nlm.nih.gov/pubmed/33359928
https://www.ncbi.nlm.nih.gov/pmc/PMC7834526
https://doi.org/10.1371/journal.pone.0246590
https://www.ncbi.nlm.nih.gov/pubmed/33556127
https://www.ncbi.nlm.nih.gov/pmc/PMC7870071
https://doi.org/10.1111/joim.13262
https://www.ncbi.nlm.nih.gov/pubmed/33533521
https://www.ncbi.nlm.nih.gov/pmc/PMC8013333
https://doi.org/10.1371/journal.pone.0269353
https://www.ncbi.nlm.nih.gov/pubmed/36374838
https://www.ncbi.nlm.nih.gov/pmc/PMC9662713
https://doi.org/10.1002/brb3.2508
https://www.ncbi.nlm.nih.gov/pubmed/35137561
https://www.ncbi.nlm.nih.gov/pmc/PMC8933779
https://doi.org/10.3389/fnagi.2022.1029842
https://www.ncbi.nlm.nih.gov/pubmed/36337708
https://www.ncbi.nlm.nih.gov/pmc/PMC9631485
https://doi.org/10.1016/j.jpsychires.2022.03.033
https://www.ncbi.nlm.nih.gov/pubmed/35349797
https://www.ncbi.nlm.nih.gov/pmc/PMC8943429
https://doi.org/10.1186/s12967-022-03764-2
https://www.ncbi.nlm.nih.gov/pubmed/36474290
https://www.ncbi.nlm.nih.gov/pmc/PMC9724286
https://doi.org/10.1080/09638288.2021.1977398
https://www.ncbi.nlm.nih.gov/pubmed/34559592
https://doi.org/10.3389/fnagi.2022.804937
https://www.ncbi.nlm.nih.gov/pubmed/35370620
https://www.ncbi.nlm.nih.gov/pmc/PMC8967943
https://doi.org/10.1016/j.jaclp.2022.01.003
https://www.ncbi.nlm.nih.gov/pubmed/35085824
https://www.ncbi.nlm.nih.gov/pmc/PMC8786396
https://doi.org/10.3390/brainsci11020235
https://www.ncbi.nlm.nih.gov/pubmed/33668456
https://www.ncbi.nlm.nih.gov/pmc/PMC7917789
https://doi.org/10.1016/j.eclinm.2023.102086
https://www.ncbi.nlm.nih.gov/pubmed/37654669
https://doi.org/10.1007/s00406-021-01346-9
https://www.ncbi.nlm.nih.gov/pubmed/34698871
https://www.ncbi.nlm.nih.gov/pmc/PMC8546751
https://doi.org/10.1007/s00415-021-10579-6
https://www.ncbi.nlm.nih.gov/pubmed/33932157
https://www.ncbi.nlm.nih.gov/pmc/PMC8088203
https://doi.org/10.1093/eurheartj/ehab914
https://www.ncbi.nlm.nih.gov/pubmed/34999762
https://www.ncbi.nlm.nih.gov/pmc/PMC8755397
https://doi.org/10.1111/ene.15215
https://www.ncbi.nlm.nih.gov/pubmed/34918425
https://doi.org/10.2967/jnumed.121.262677
https://www.ncbi.nlm.nih.gov/pubmed/34649946
https://www.ncbi.nlm.nih.gov/pmc/PMC9258569


Brain Sci. 2024, 14, 587 11 of 12

49. Brown, L.A.; Ballentine, E.; Zhu, Y.; McGinley, E.L.; Pezzin, L.; Abramoff, B. The unique contribution of depression to cognitive
impairment in Post-Acute Sequelae of SARS-CoV-2 infection. Brain Behav. Immun. Health 2022, 22, 100460. [CrossRef] [PubMed]
[PubMed Central]

50. Diana, L.; Regazzoni, R.; Sozzi, M.; Piconi, S.; Borghesi, L.; Lazzaroni, E.; Basilico, P.; Aliprandi, A.; Bolognini, N.; Bonardi, D.R.;
et al. Monitoring cognitive and psychological alterations in COVID-19 patients: A longitudinal neuropsychological study. J.
Neurol. Sci. 2023, 444, 120511. [CrossRef] [PubMed] [PubMed Central]

51. Graham, E.L.; Clark, J.R.; Orban, Z.S.; Lim, P.H.; Szymanski, A.L.; Taylor, C.; DiBiase, R.M.; Jia, D.T.; Balabanov, R.; Ho, S.U.; et al.
Persistent neurologic symptoms and cognitive dysfunction in non-hospitalized COVID-19 “long haulers”. Ann. Clin. Transl.
Neurol. 2021, 8, 1073–1085. [CrossRef]

52. Manca, R.; De Marco, M.; Ince, P.G.; Venneri, A. Heterogeneity in Regional Damage Detected by Neuroimaging and Neuropatho-
logical Studies in Older Adults With COVID-19: A Cognitive-Neuroscience Systematic Review to Inform the Long-Term Impact
of the Virus on Neurocognitive Trajectories. Front. Aging Neurosci. 2021, 13, 646908. [CrossRef]

53. Lin, E.; Lantos, J.; Strauss, S.; Phillips, C.; Campion, T.; Navi, B.; Parikh, N.; Merkler, A.; Mir, S.; Zhang, C.; et al. Brain Imaging
of Patients with COVID-19: Findings at an Academic Institution during the Height of the Outbreak in New York City. Am. J.
Neuroradiol. 2020, 41, 2001–2008. [CrossRef] [PubMed] [PubMed Central]

54. Paterson, R.W.; Brown, R.L.; Benjamin, L.; Nortley, R.; Wiethoff, S.; Bharucha, T.; Jayaseelan, D.L.; Kumar, G.; Raftopoulos, R.E.;
Zambreanu, L.; et al. The emerging spectrum of COVID-19 neurology: Clinical, radiological and laboratory findings. Brain 2020,
143, 3104–3120. [CrossRef] [PubMed] [PubMed Central]

55. Manzano, G.S.; McEntire, C.R.S.; Martinez-Lage, M.; Mateen, F.J.; Hutto, S.K. Acute Disseminated Encephalomyelitis and Acute
Hemorrhagic Leukoencephalitis Following COVID-19. Neurol. Neuroimmunol. Neuroinflamm. 2021, 8, e1080. [CrossRef] [PubMed]
[PubMed Central]

56. Caroli, A.; Capelli, S.; Napolitano, A.; Cabrini, G.; Arrigoni, A.; Pezzetti, G.; Previtali, M.; Longhi, L.G.; Zangari, R.; Lorini, F.L.;
et al. Brain diffusion alterations in patients with COVID-19 pathology and neurological manifestations. NeuroImage Clin. 2023, 37,
103338. [CrossRef] [PubMed] [PubMed Central]

57. Kim, P.H.; Kim, M.; Suh, C.H.; Chung, S.R.; Park, J.E.; Kim, S.C.; Choi, Y.J.; Lee, J.H.; Kim, H.S.; Baek, J.H.; et al. Neuroimaging
Findings in Patients with COVID-19: A Systematic Review and Meta-Analysis. Korean J. Radiol. 2021, 22, 1875–1885. [CrossRef]
[PubMed] [PubMed Central]

58. Díez-Cirarda, M.; Yus-Fuertes, M.; Sanchez-Sanchez, R.; Gonzalez-Rosa, J.J.; Gonzalez-Escamilla, G.; Gil-Martínez, L.; Delgado-
Alonso, C.; Gil-Moreno, M.J.; Valles-Salgado, M.; Cano-Cano, F.; et al. Hippocampal subfield abnormalities and biomarkers of
pathologic brain changes: From SARS-CoV-2 acute infection to post-COVID syndrome. eBioMedicine 2023, 94, 104711. [CrossRef]
[PubMed] [PubMed Central]

59. Kas, A.; Soret, M.; Pyatigoskaya, N.; Habert, M.-O.; Hesters, A.; Le Guennec, L.; Paccoud, O.; Bombois, S.; Delorme, C.; on the
behalf of CoCo-Neurosciences study group and COVID SMIT PSL study group. 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]
[PubMed] [PubMed Central]

60. Martini, A.L.; Carli, G.; Kiferle, L.; Piersanti, P.; Palumbo, P.; Morbelli, S.; Calcagni, M.L.; Perani, D.; Sestini, S. Time-dependent
recovery of brain hypometabolism in neuro-COVID-19 patients. Eur. J. Nucl. Med. 2022, 50, 90–102. [CrossRef] [PubMed]
[PubMed Central]

61. Meyer, P.T.; Hellwig, S.; Blazhenets, G.; Hosp, J.A. Molecular Imaging Findings on Acute and Long-Term Effects of COVID-19 on
the Brain: A Systematic Review. J. Nucl. Med. 2022, 63, 971–980. [CrossRef] [PubMed] [PubMed Central]

62. 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. 2021, 48, 3187–3197. [CrossRef] [PubMed] [PubMed
Central]

63. Guedj, E.; Campion, J.Y.; Dudouet, P.; Kaphan, E.; Bregeon, F.; Tissot-Dupont, H.; Guis, S.; Barthelemy, F.; Habert, P.; Ceccaldi,
M.; et al. 18F-FDG brain PET hypometabolism in patients with long COVID. Eur. J. Nucl. Med. 2021, 48, 2823–2833. [CrossRef]
[PubMed] [PubMed Central]

64. Morand, A.; Campion, J.-Y.; Lepine, A.; Bosdure, E.; Luciani, L.; Cammilleri, S.; Chabrol, B.; Guedj, E. Similar patterns of
[18F]-FDG brain PET hypometabolism in paediatric and adult patients with long COVID: A paediatric case series. Eur. J. Nucl.
Med. 2022, 49, 913–920. [CrossRef] [PubMed] [PubMed Central]

65. Toniolo, S.; Scarioni, M.; Di Lorenzo, F.; Hort, J.; Georges, J.; Tomic, S.; Nobili, F.; Frederiksen, K.S.; the Management Group of
the EAN Dementia and Cognitive Disorders Scientific Panel. Dementia and COVID-19, a Bidirectional Liaison: Risk Factors,
Biomarkers, and Optimal Health Care. J. Alzheimer’s Dis. 2021, 82, 883–898. [CrossRef] [PubMed]

66. Toniolo, S.; Di Lorenzo, F.; Scarioni, M.; Frederiksen, K.S.; Nobili, F. Is the Frontal Lobe the Primary Target of SARS-CoV-2? J.
Alzheimer’s Dis. 2021, 81, 75–81. [CrossRef] [PubMed]

67. Díez-Cirarda, M.; Yus, M.; Gómez-Ruiz, N.; Polidura, C.; Gil-Martínez, L.; Delgado-Alonso, C.; Jorquera, M.; Gómez-Pinedo, U.;
Matias-Guiu, J.; Arrazola, J.; et al. Multimodal neuroimaging in post-COVID syndrome and correlation with cognition. Brain
2023, 146, 2142–2152. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1016/j.bbih.2022.100460
https://www.ncbi.nlm.nih.gov/pubmed/35403066
https://www.ncbi.nlm.nih.gov/pmc/PMC8983478
https://doi.org/10.1016/j.jns.2022.120511
https://www.ncbi.nlm.nih.gov/pubmed/36473347
https://www.ncbi.nlm.nih.gov/pmc/PMC9707027
https://doi.org/10.1002/acn3.51350
https://doi.org/10.3389/fnagi.2021.646908
https://doi.org/10.3174/ajnr.A6793
https://www.ncbi.nlm.nih.gov/pubmed/32819899
https://www.ncbi.nlm.nih.gov/pmc/PMC7658823
https://doi.org/10.1093/brain/awaa240
https://www.ncbi.nlm.nih.gov/pubmed/32637987
https://www.ncbi.nlm.nih.gov/pmc/PMC7454352
https://doi.org/10.1212/nxi.0000000000001080
https://www.ncbi.nlm.nih.gov/pubmed/34452974
https://www.ncbi.nlm.nih.gov/pmc/PMC8404207
https://doi.org/10.1016/j.nicl.2023.103338
https://www.ncbi.nlm.nih.gov/pubmed/36731251
https://www.ncbi.nlm.nih.gov/pmc/PMC9883079
https://doi.org/10.3348/kjr.2021.0127
https://www.ncbi.nlm.nih.gov/pubmed/34269530
https://www.ncbi.nlm.nih.gov/pmc/PMC8546134
https://doi.org/10.1016/j.ebiom.2023.104711
https://www.ncbi.nlm.nih.gov/pubmed/37453364
https://www.ncbi.nlm.nih.gov/pmc/PMC10366393
https://doi.org/10.1007/s00259-020-05178-y
https://www.ncbi.nlm.nih.gov/pubmed/33452633
https://www.ncbi.nlm.nih.gov/pmc/PMC7810428
https://doi.org/10.1007/s00259-022-05942-2
https://www.ncbi.nlm.nih.gov/pubmed/35984451
https://www.ncbi.nlm.nih.gov/pmc/PMC9388976
https://doi.org/10.2967/jnumed.121.263085
https://www.ncbi.nlm.nih.gov/pubmed/35177424
https://www.ncbi.nlm.nih.gov/pmc/PMC9258567
https://doi.org/10.1007/s00259-021-05294-3
https://www.ncbi.nlm.nih.gov/pubmed/33677642
https://www.ncbi.nlm.nih.gov/pmc/PMC7937050
https://www.ncbi.nlm.nih.gov/pmc/PMC7937050
https://doi.org/10.1007/s00259-021-05215-4
https://www.ncbi.nlm.nih.gov/pubmed/33501506
https://www.ncbi.nlm.nih.gov/pmc/PMC7837643
https://doi.org/10.1007/s00259-021-05528-4
https://www.ncbi.nlm.nih.gov/pubmed/34414470
https://www.ncbi.nlm.nih.gov/pmc/PMC8376118
https://doi.org/10.3233/jad-210335
https://www.ncbi.nlm.nih.gov/pubmed/34092646
https://doi.org/10.3233/jad-210008
https://www.ncbi.nlm.nih.gov/pubmed/33720900
https://doi.org/10.1093/brain/awac384
https://www.ncbi.nlm.nih.gov/pubmed/36288544
https://www.ncbi.nlm.nih.gov/pmc/PMC9620345


Brain Sci. 2024, 14, 587 12 of 12

68. Benedetti, F.; Palladini, M.; Paolini, M.; Melloni, E.; Vai, B.; De Lorenzo, R.; Furlan, R.; Rovere-Querini, P.; Falini, A.; Mazza, M.G.
Brain correlates of depression, post-traumatic distress, and inflammatory biomarkers in COVID-19 survivors: A multimodal
magnetic resonance imaging study. Brain Behav. Immun. Health 2021, 18, 100387. [CrossRef] [PubMed] [PubMed Central]

69. Frontera, J.A.; Boutajangout, A.; Masurkar, A.V.; Betensky, R.A.; Ge, Y.; Vedvyas, A.; Debure, L.; Moreira, A.; Lewis, A.; Huang, J.;
et al. Elevation of Neurodegenerative Serum and Cerebrospinal Fluid Biomarkers in Hospitalized COVID-19 Patients. Alzheimer’s
Dement. 2022, 14, e12280. [CrossRef]

70. Peluso, M.J.; Kelly, J.D.; Lu, S.; Goldberg, S.A.; Davidson, M.C.; Mathur, S.; Durstenfeld, M.S.; Spinelli, M.A.; Hoh, R.; Tai, V.; et al.
Persistence, magnitude, and patterns of postacute cognitive deficits in SARS-CoV-2 infection. Neurology 2022, 99, e1511–e1523.
[CrossRef]

71. Verde, F.; Milone, I.; Bulgarelli, I.; Peverelli, S.; Colombrita, C.; Maranzano, A.; Calcagno, N.; Ticozzi, N.; Perego, G.B.; Parati, G.;
et al. Serum neurofilament light chain levels in Covid-19 patients without major neurological manifestations. J. Neurol. 2022, 269,
5691–5701. [CrossRef] [PubMed] [PubMed Central]

72. Phetsouphanh, C.; Darley, D.R.; Wilson, D.B.; Howe, A.; Munier, C.M.L.; Patel, S.K.; Juno, J.A.; Burrell, L.M.; Kent, S.J.; Dore, G.J.;
et al. Immunological dysfunction persists for 8 months following initial mild-to-moderate SARS-CoV-2 infection. Nat. Immunol.
2022, 23, 210–216. [CrossRef]

73. Davis, H.E.; Assaf, G.S.; McCorkell, L.; Wei, H.; Low, R.J.; Re’Em, Y.; Redfield, S.; Austin, J.P.; Akrami, A. Characterizing long
COVID in an international cohort: 7 months of symptoms and their impact. eClinicalMedicine 2021, 38, 101019. [CrossRef]

74. Lu, Y.; Li, X.; Geng, D.; Mei, N.; Wu, P.-Y.; Huang, C.-C.; Jia, T.; Zhao, Y.; Wang, D.; Xiao, A.; et al. Cerebral Micro-Structural
Changes in COVID-19 Patients—An MRI-based 3-month Follow-up Study. eClinicalMedicine 2020, 25, 100484. [CrossRef]

75. Premraj, L.; Kannapadi, N.V.; Briggs, J.; Seal, S.M.; Battaglini, D.; Fanning, J.; Suen, J.; Robba, C.; Fraser, J.; Cho, S.-M. Mid and
long-term neurological and neuropsychiatric manifestations of post-COVID-19 syndrome: A meta-analysis. J. Neurol. Sci. 2021,
434, 120162. [CrossRef]

76. Alnefeesi, Y.; Siegel, A.; Lui, L.M.W.; Teopiz, K.M.; Ho, R.C.M.; Lee, Y.; Nasri, F.; Gill, H.; Lin, K.; Cao, B.; et al. Impact of
SARS-CoV-2 Infection on Cognitive Function: A Systematic Review. Front. Psychiatry 2021, 11, 621773. [CrossRef]

77. Oran, D.P.; Topol, E.J. Prevalence of Asymptomatic SARS-CoV-2 Infection. Ann. Intern. Med. 2020, 173, 362–367. [CrossRef]
78. Pandi-Perumal, S.R.; Zaki, N.F.W.; Qasim, M.; Elsayed Morsy, N.; Manzar, M.D.; BaHammam, A.S.; Jahrami, H.; Ramasubra-

manian, C.; Karthikeyan, R.; Supasitthumrong, T.; et al. Neuropsychiatric Consequences of COVID-19 Pandemic: A Synthetic
Review from a Global Perspective. Alpha Psychiatry 2022, 23, 144–154. [CrossRef] [PubMed] [PubMed Central]

79. 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]

80. Mazza, M.G.; De Lorenzo, R.; Conte, C.; Poletti, S.; Vai, B.; Bollettini, I.; Melloni, E.M.T.; Furlan, R.; Ciceri, F.; Rovere-Querini, P.;
et al. Anxiety and depression in COVID-19 survivors: Role of inflammatory and clinical predictors. Brain Behav. Immun. 2020, 89,
594–600. [CrossRef]

81. Mattioli, F.; Piva, S.; Stampatori, C.; Righetti, F.; Mega, I.; Peli, E.; Sala, E.; Tomasi, C.; Indelicato, A.M.; Latronico, N.; et al.
Neurologic and cognitive sequelae after SARS-CoV2 infection: Different impairment for ICU patients. J. Neurol Sci. 2022, 432,
120061. [CrossRef] [PubMed] [PubMed Central]

82. National Institutes of Health (NIH). NIH Launches New Initiative to Study “Long COVID”. 2021. Available online: https:
//www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-new-initiative-study-long-covid (accessed on
15 February 2024).

83. PASC CDE Subgroup. Post-Acute Sequelae of SARS-CoV-2 Infection (PASC) Common Data Elements (CDE) Version 1.0. 2022.
Available online: https://www.commondataelements.ninds.nih.gov/PASC (accessed on 15 February 2024).

84. Bikson, M.; Hanlon, C.A.; Woods, A.J.; Gillick, B.T.; Charvet, L.; Lamm, C.; Madeo, G.; Holczer, A.; Almeida, J.; Antal, A.; et al.
Guidelines for TMS/tES clinical services and research through the COVID-19 pandemic. Brain Stimul. 2021, 14, 1043–1049.
[CrossRef]

85. Crook, H.; Raza, S.; Nowell, J.; Young, M.; Edison, P. Long Covid—Mechanisms, Risk Factors, and Management. BMJ 2021, 374,
n1648. [CrossRef]

86. Proal, A.D.; VanElzakker, M.B. Long COVID or Post-acute Sequelae of COVID-19 (PASC): An Overview of Biological Factors That
May Contribute to Persistent Symptoms. Front. Microbiol. 2021, 12, 698169. [CrossRef]

87. Stefano, G.B.; Ptacek, R.; Ptackova, H.; Martin, A.; Kream, R.M. Selective Neuronal Mitochondrial Targeting in SARS-CoV-2
Infection Affects Cognitive Processes to Induce ‘Brain Fog’ and Results in Behavioral Changes that Favor Viral Survival. Med. Sci.
Monit. 2021, 27, e930886-1–e930886-4. [CrossRef]

88. Gorna, R.; MacDermott, N.; Rayner, C.; O’hara, M.; Evans, S.; Agyen, L.; Nutland, W.; Rogers, N.; Hastie, C. Long COVID
guidelines need to reflect lived experience. Lancet 2021, 397, 455–457. [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.

https://doi.org/10.1016/j.bbih.2021.100387
https://www.ncbi.nlm.nih.gov/pubmed/34746876
https://www.ncbi.nlm.nih.gov/pmc/PMC8562046
https://doi.org/10.1002/dad2.12280
https://doi.org/10.1212/WNL.0000000000200853
https://doi.org/10.1007/s00415-022-11233-5
https://www.ncbi.nlm.nih.gov/pubmed/35781535
https://www.ncbi.nlm.nih.gov/pmc/PMC9252542
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1016/j.eclinm.2021.101019
https://doi.org/10.1016/j.eclinm.2020.100484
https://doi.org/10.1016/j.jns.2022.120162
https://doi.org/10.3389/fpsyt.2020.621773
https://doi.org/10.7326/m20-3012
https://doi.org/10.5152/alphapsychiatry.2022.21783
https://www.ncbi.nlm.nih.gov/pubmed/36425743
https://www.ncbi.nlm.nih.gov/pmc/PMC9590656
https://doi.org/10.1371/journal.pone.0240784
https://doi.org/10.1016/j.bbi.2020.07.037
https://doi.org/10.1016/j.jns.2021.120061
https://www.ncbi.nlm.nih.gov/pubmed/34894422
https://www.ncbi.nlm.nih.gov/pmc/PMC8620095
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-new-initiative-study-long-covid
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-new-initiative-study-long-covid
https://www.commondataelements.ninds.nih.gov/PASC
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1136/bmj.n1648
https://doi.org/10.3389/fmicb.2021.698169
https://doi.org/10.12659/msm.930886
https://doi.org/10.1016/s0140-6736(20)32705-7

	Introduction 
	The Impact of Long COVID on Brain Health and Dementia 
	Brain Laboratory Biomarkers in Long COVID 
	The Importance of Considering Long COVID in Brain Health Research 
	The Need for Adapted Study Designs 
	The Importance of Screening for Long COVID 
	Collaborative Research Efforts and Data Harmonization 
	Conclusions and Future Directions 
	References

