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Abstract

Many coronavirus disease 2019 (COVID-19) positive individuals exhibit abnormal

electroencephalographic (EEG) activity reflecting “brain fog” and mild cognitive

impairments even months after the acute phase of infection. Resting-state EEG

abnormalities include EEG slowing (reduced alpha rhythm; increased slow waves)

and epileptiform activity. An expert panel conducted a systematic review to present

compelling evidence that cognitive deficits due to COVID-19 and to Alzheimer’s

disease and related dementia (ADRD) are driven by overlapping pathologies and

neurophysiological abnormalities. EEG abnormalities seen in COVID-19 patients

resemble those observed in early stages of neurodegenerative diseases, particularly

ADRD. It is proposed that similar EEGabnormalities in LongCOVID andADRDare due
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to parallel neuroinflammation, astrocyte reactivity, hypoxia, and neurovascular injury.

These neurophysiological abnormalities underpinning cognitive decline in COVID-19

can be detected by routine EEG exams. Future research will explore the value of EEG

monitoring of COVID-19 patients for predicting long-term outcomes and monitoring

efficacy of therapeutic interventions.

KEYWORDS
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coronavirus and EEG, COVID-19, encephalopathy, inflammatory cytokine storm, Long COVID,
long COVID, resting EEG, SARS-CoV-2

Highlights

∙ Abnormal intrinsic electrophysiological brain activity, such as slowing of EEG,

reduced alpha wave, and epileptiform are characteristic findings in COVID-19

patients. EEG abnormalities have the potential as neural biomarkers to identify neu-

rological complications at the early stage of the disease, to assist clinical assessment,

and to assess cognitive decline risk in Long COVID patients.

∙ Similar slowing of intrinsic brain activity to that of COVID-19 patients is typi-

cally seen in patients with mild cognitive impairments, ADRD. Evidence presented

supports the idea that cognitive deficits in Long COVID and ADRD are driven

by overlapping neurophysiological abnormalities resulting, at least in part, from

neuroinflammatorymechanisms and astrocyte reactivity.

∙ Identifying common biological mechanisms in Long COVID-19 and ADRD can

highlight critical pathologies underlying brain disorders and cognitive decline. It elu-

cidates research questions regarding cognitive EEG and mild cognitive impairment

in Long COVID that have not yet been adequately investigated.

1 INTRODUCTION

This review is written to highlight the relevance of neurophysiolog-

ical evaluation of coronavirus disease 2019 (COVID-19) patients in

support of their clinical care and to highlight similarities between

potential pathological mechanisms that contribute to the neurological

consequences ofCOVID-19 infection andneurodegenerative diseases,

including Alzheimer’s disease (AD). Abnormal electrophysiological

brain activity is a characteristic finding in COVID-19 patients who

exhibit reduced power in the resting state electroencephalographic

(rsEEG) alpha rhythm (8–12Hz; arousal state and attention). Addition-

ally, both COVID-19 and ADRDpatients showwidespread increases in

power of delta (<4Hz) rhythms.

These changes are often accompanied bymild cognitive impairment

(MCI) such as memory problems and brain fog. Similar slowing of rest-

ing brain activity is typically seen in patients withMCI and Alzheimer’s

disease and related dementias (ADRD). Here we present evidence

that abnormal EEG and related cognitive deficits in COVID-19 and

ADRD are driven by overlapping neurophysiological abnormalities.

These neurophysiological abnormalities can be detected by routine

EEG exams.

2 LONG COVID, NEUROLOGICAL AND
COGNITIVE SYMPTOMS, AND EEG SIGNATURES

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infec-

tion can induce “Long COVID,” a postacute sequela of COVID-19

that refers to persistent symptoms continuing for months or longer

after the initial SARS-CoV-2 infection. The persistent symptoms affect

multiple physiological systems with respiratory, cardiovascular, neuro-

logical, and psychological symptoms.1 One study found that 76% of

individuals with mild-to-moderate COVID-19 experienced at least one

persistent symptom 6 months after their initial infection.2 Another

study found that 52% of COVID-19 survivors experienced persis-

tent symptoms 3 months after infection. These persistent symptoms

can significantly impair individuals’ quality of life and result in higher

healthcare costs.3
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JIANG ET AL. 3

RESEARCH INCONTEXT

1. Systematic review:We have applied all aspects of a systematic review in thewriting process. The expert panel of electrophysiological

professional interest area, which is connected to Alzheimer Association has previously published a review on pathological slowing of

resting-state electroencephalographic (EEG) in Alzheimer’s disease and related dementias (ADRD) patients. After we identified the

research questions on the connection between coronavirus disease 2019 (COVID-19) and EEG, we conducted the key words search

from multiple sources, for example, PubMed, Google scholar, NIH, CDC, and literature software. We set the criteria for the present

review on EEG signatures of Long COVID literature to curate relevant references specific to EEG studies in COVID-19 positive indi-

viduals. Additionally, we enhanced our expert panel of electrophysiological experts of ADRD and COVID-19 by inviting additional

experts in neurophysiology and astrocyte reactivity and neuroinflammation. Additional references were identified by the authors on

the expert panel especially new publications through 2024. Aimed to cover all related EEG and Long-COVID studies, the review was

also benefited from co-authors’ research on COVID-19 and EEG, publication recommendations, and personal communications from

the experts.

2. Interpretation: Similar slowing of resting brain activity to that of COVID-19 is typically seen in patients with mild cognitive

impairments. Our review presents new evidence and supports the idea that cognitive deficits due to COVID-19 and ADRD

are driven by overlapping pathologies, also reflected by similar neurophysiological abnormalities. Both neural inflammation and

cytokine/complement activation in COVID-19, amyloid and tau pathologies in ADRD contribute to astrocyte over reactivity, leading

to synaptic dysfunction in neurodegenerative diseases. Astrocytes are likely a primary target of COVID-19 because of the close inter-

action with the vasculature. Evidence presented here suggests that astrocytes are indeed injured/activated by COVID-19 infection

or infection with similar viruses resulting in neuroinflammation. Parallel changes in astrocyte reactivity are found in ADRD and are

suspected to cause synapse loss and neurodegeneration. What we have learned in the ADRD field may give us clues to how reactive

astrocytes contribute to the neural morbidities seen in COVID-19, for example, astrocyte reactivity leads to the production of Com-

plement C3 and loss of glutamate transport, both of which can damage synapses. Postsynaptic current and synchrony of oscillations is

what EEGmeasures.

3. Future directions: (1) Determine the value of EEG monitoring of COVID-19 severity and prediction of long-term consequences and

cognitive decline risk. (2) Investigate EEG measurements as proxy for synaptic dysfunction due to astrocyte-microglia reactivity

and pathology. (3) Establish specific EEG features closely associated with COVID-19 disease and cognitive dysfunctions. (4) Identify

commonEEG features in bothCOVID-19 andADRD. (5) Evaluate EEGnetwork features as neural biomarkers for clinical trials of phar-

macological and nonpharmacological interventions in COVID-19 patients. (6) Assess variations of COVID-19 related EEG indicators

in diverse populations.

2.1 Neurological and cognitive symptoms of Long
COVID

Neurological symptoms are a significant part of Long COVID, and

understanding the underlying mechanisms is crucial for better diagno-

sis and treatment. In a meta-analysis of 18 studies on 10,530 patients

3 months after COVID-19 onset, overall prevalence of neurological

symptoms was 32% for brain fog, 28% for memory problems, and 22%

for attention disorder.4 Another report with clinical observations of

neurological complications in 236,379 patients in the 6 months after a

COVID-19 diagnosis found that 33.62% of patients had demonstrated

clinically significant neurological or psychiatric dysfunction.5

Neurological symptoms of Long COVID reflect the COVID-19 neu-

roinvasionand includeheadache, tremors, problemswith attentionand

concentration, sluggish cognitive function, dysfunction in the periph-

eral nerves, and mental health problems.6,7 Beyond these typical

brain fog symptoms, systematic evidence suggests frequent associa-

tions with depression4 and post-traumatic stress disorder (PTSD).8

Together, these symptoms can be characterized as “brain fog.” The

American Medical Association defines brain fog as some persistent

neurological symptoms, including slowed cognition, concentration dif-

ficulties, confusion, and forgetfulness.9 Most people with Long COVID

report instances of severe fatigue and brain fog several months after

their initial infection.10 Those symptomsmay fluctuate or relapse over

time.11

The relationship between SARS-CoV-2 infection and cognitive

impairment is another important topic.12 Long-term effects of COVID-

19 on cognition are illustrated by a recent case study, reporting a

62-year-old woman suffering from persistent cognitive deficits 8

months after COVID-19 infection with no preinfection history of

cognitive impairment. At follow-up observation, the individual showed

symptoms ofmemory loss, confusion, slowedmotor function, and diffi-

culty in language production and comprehension.13 Similarly, a recent

study examining cognitive functioning in adults following a COVID-19

infection found that those with persistent unresolved symptoms

exhibited larger deficits than those with quickly resolved symptoms

and those in the non-COVID-19 control group.14 Those deficits

included poor memory and reasoning, as well as increased brain fog.
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4 JIANG ET AL.

These studies present a model for potential neurophysiological and

neurological dysfunctions due to COVID-19 neuroinvasion.13,15–17

As research has progressed throughout the pandemic, a grow-

ing number of studies have reported cases of Long COVID patients

suffering from similar impairments in focus and attention, memory

retrieval, executive functioning, language production, and visuospa-

tial abilities.1,17–20 This cognitive impairment did not occur only in the

acute disease phase and in severe cases.21,22 Possible causes of emer-

gence of ADRD included microglial inflammation,23 ischemic changes

associated with COVID-19,24 and endothelial lesions that can impair

the clearance of brain metabolites including beta-amyloid peptides,

which are involved in AD.25 Structurally, there was reduced brain

grey and white matter in individuals with brain fog and in recovered

patients, alongwith cortical thinning in frontal and temporal lobes.26 In

brain organoids, astrocytic subclusters with enrichment for genes that

are implicated in neurodegenerative diseases revealed differentially

expressed genes (DEGs) related to upregulation of pathways found

commonly in Alzheimer’s disease (AD) and Parkinson’s disease (PD)

in response to SARS-CoV-2.27 Furthermore, patients with COVID-19

encephalopathy have higher plasma neurofilament light chain (pNfL)

and plasma glial fibrillary acidic protein (pGFAP) concentrations which

indicate neuronal dysfunction and CNS injury in their blood, like many

other types of dementias.28

2.2 Long COVID and EEG activity

EEG markers may be of interest for the clinical research carried

out in patients with cognitive impairment, as they are noninvasive,

repeatable without significant learning effects, globally available, and

cost-effective.29 Scalp-recorded EEG recordings allow the investiga-

tion of underlying cortical neural activities, including ionic current

flows and related voltages, with a great time resolution (less than 1

msec).30 It is also well known that EEG markers provide evidence of

nonspecific alterations in neuronal network activities caused by under-

lying neurodegenerative or vascular changes31–33 in the early stages of

cognitive impairments.34,35 Furthermore, topographical and spectral

features of EEG measured at rest reflect neurophysiological oscilla-

tory mechanisms underpinning the (dys)regulation of vigilance, mood,

and cognition. The ability to measure these features at rest (i.e., while

the individual is sitting with their eyes open or closed) is a particular

strength, as it allows for the study of brain function and connectivity in

healthy individuals and in those with ADRD alike.36

Previous studies have reported that rsEEG rhythms are abnormal

in patients suffering from persistent or Long COVID brain fog; specif-

ically, individuals exhibit topographically focal or diffuse “slowing” of

rsEEG rhythms.16,37 This slowing can be quantified by the spectral

analysis of rsEEG rhythms as diffuse power density increase in rsEEG

activity at low frequencies, such as delta (<4Hz) and theta (4–7Hz) fre-

quency bands, and power density decrease at alpha (8–12Hz) and beta

(13–30 Hz) frequencies. In the healthy aging brain, rsEEG activity at

alpha frequencies reflects spontaneous synchronization of cortical and

thalamic neurons as a main neurophysiological mechanism regulating

global cortical arousal states and vigilance.34,36

2.2.1 Epileptiform-like activity

In severe cases of COVID-19, EEG has been found to be a valuable

method to assess early neurological changes, including encephalopa-

thy, seizures, and status epilepticus.38 In COVID-19 patients, EEG

displays several abnormalities including epileptiform activity and gen-

eralized slowing, especially in frontal regions, despite normal brain

MRI.39–41 During the early phase of the pandemic, two meta-analyses

reported abnormal background EEG activity in COVID-19 patients,

showing EEG pathologies between 69% and 96% of patients.39,41 In

these reports, epileptiform activity was observed in lower proportions

(20% and 23% respectively). EEG seizures in COVID-19 patients were

associated with higher mortality rates.42 However, this finding may be

related to the fact that patients with diagnosis of previously existing

epilepsy or comorbid conditions tend to display higher rates of EEG

abnormalities.39,42,43

In summary, Long COVID involves complex interactions between

cognitive functions, structural and molecular mechanisms, and neuro-

physiological alterations related to underlying activities of neuronal

networks. While much remains to be explored, these recent findings

provide valuable insights for future research and suggest potential

assessment, monitoring, and therapeutic strategies using EEG record-

ings.

3 METHODOLOGY OF THE REVIEW

Two reviews of EEG findings in COVID-19 patients in 2020 and

2021 demonstrated slowing of EEG waveforms with COVID-19.39,44

The expert panel of electrophysiological professional interest area

(EPIA) associatedwith Alzheimer Association has previously published

a review on slowing of resting-state EEG features for clinical trials in

AD/ADRD. After formulating the research question regarding COVID-

19 and EEG, we conducted key word searches from multiple sources,

for example, PubMed, Google Scholar, National Institutes of Health

(NIH), Centers for Disease Control and Prevention (CDC), and litera-

ture software. Keywords used in the searchwere: “resting EEG,” “back-

ground frequency,” “Alzheimer’s disease and related dementia”, “Neu-

rovascular,” “COVID-19 and EEG,” “Long COVID and EEG,” COVID-

19, SARS-CoV-2, encephalopathy, angiotensin-converting enzyme 2

(ACE2), astrocytes, Inflammatory cytokine storm, “Cognitive Decline,”

and “Long COVIDOR coronavirus OR SARS ANDEEG.”

After setting the criteria for the present review on EEG signatures

of Long COVID, a literature search was performed to curate relevant

references specific to EEG studies in COVID-19 positive individuals.

Two authors (Y.J. and J.N.) reviewed each article to determine rele-

vance to EEG and cognitive decline and brain fog. New citations of

several encompassing reviews on COVID-19 or cognitive decline were

identified and reviewed for further follow up of sources.17,18,20,45,46

From this, additional studies were identified pertaining to the effect of

COVID-19oncognitivedecline,with a specific focusonEEGcorrelates.

After further review of these articles, those deemed relevant, novel,

and impactful in relation to EEG correlation in persons with (Long)

COVID-19were included (Figure 1).
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F IGURE 1 Diagram detailing the process of systematic literature
review. *Reasons for exclusion of references were duplicates, absence
of electroencephalogram (EEG), and lack of access. **Reasons for
full-text article exclusion were lack of EEG finding reports, focus on
adolescent subjects, and descriptive articles on EEG collection

Meanwhile, we enhanced our expert panel of electrophysiological

experts on AD/ADRD and COVID-19 by inviting additional specialists

in neurophysiology, astrocyte reactivity, and neuroinflammation. We

also internally debated various hypotheses about underlying patholog-

ical changes related to neurophysiological findings. Additional refer-

ences were identified by the authors on the expert panel, especially

new publications through 2024. Aiming to cover all related EEG and

long-COVID studies, we also benefited from co-authors’ research on

COVID-19 and EEG, publication recommendations, and personal com-

munications from the experts. Figure 2 shows the interconnectedness

of literatures of COVID-19 and those in AD/ADRD.

We identified two caveats of this methodology, including (1) the

broad diagnostic criteria in the enrollment of patients with Long

COVID brain fog after testing negative (e.g., type, duration, and

severity of the symptoms) from the reviewed studies and (2) the het-

erogeneous procedures used during rsEEG data analysis (e.g., removal

of artifacts) and for computing the rsEEG spectral measures. Ideally,

future studies should aim at standardizing these criteria.

4 EEG STUDIES IN COVID-19 PATIENTS

4.1 rsEEG activity in acute COVID-19

Several studies discussed characteristics of abnormal rsEEG activity

recorded in COVID-19 patients ranging from acute individual case

reports47 to larger longitudinal studies.48 Results showed disrupted

brain activity,38,49 but normal EEG activity was also reported.50 The

EEG abnormalities observed were correlated with severity of the gen-

F IGURE 2 Overlap in coronavirus disease 2019 (COVID-19) and
Alzheimer’s disease and related dementias (ADRD) literatures. A
diagram demonstrating the significant overlap and
interconnectedness of the literature in dementia and COVID-19
literature. Larger circles indicate a bigger impact of a paper in the field
based on citations (created by LitMaps)

eral health condition, COVID-19 assessment, length of surveillance,

and any pre-existing neurological problems like epilepsy.39 Slowed or

aberrant electrical brain activity, mainly in the frontal lobe, was the

most frequent EEG finding.41,51,52

EEG abnormalities seen in COVID-19 individuals could indicate

potential brain damage that may persist after acute infection. In

this context, frontal lobe-specific EEG abnormalities may be quali-

fied as a possible biomarker if consistently observed in COVID-19

encephalopathy.53 Some previous studies performed a visual anal-

ysis of ongoing EEG waveforms in critically ill COVID-19 patients

with long-lasting neurological symptoms, including encephalopathy,

for example, confusion, fluctuating alertness, or delayed awakening

after stopping sedation in the intensive care unit.54 In the following

paragraphs, we compare the EEG activity recorded during and months

after COVID-19.

Acute COVID-19 causes characteristic rsEEG patterns (Table 1)

with a generalized “slowing” in the rsEEG activity.39,48,54,55 In these

studies, most acute COVID-19 patients (60%–90%) were character-

ized by abnormal rsEEG activity, such as dominant background rsEEG

delta-theta rhythms (<7 Hz) or intermittent delta (<4 Hz) rhyth-

mic activity instead of typical posterior dominance in rsEEG alpha

rhythms, and nonconvulsive epileptiform activity or alpha (8–12 Hz)

coma in a minority of cases.39,48,54–56 Concerning frequency features,

abnormal power densities at rsEEG delta, theta, and alpha rhythms
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were reported in severe cases of acute COVID-19.56,57 Regard-

ing spatial characteristics, frontal rsEEG abnormalities were often

prominent.39,54–57

More severe rsEEG alterations (summarized in Tables 1–2)

in COVID-19 patients were associated with prior pathological

conditions.56 Both seizure and epileptiform activity were seen in those

with history of epilepsy or seizures, while those with a prior history

of cognitive impairment exhibited stronger changes relative to those

with normal cognitive history.48 Unfortunately, there is no systematic

comparison between these findings and abnormalities reported in

patients with other brain disorders. However, multiple studies have

shown that acute infections impact CNS function, leading to seizures,

epileptiform activity, and alpha coma (AC) patterns.48,54–56 AC is a

distinctive EEG pattern observed in unconscious patients in a state

of clinical coma. It is a predominant, generalized, and symmetrical

rhythm within the alpha frequency band (8–13 Hz) associated with

brain stem lesions. Patients may transition to theta coma caused by

cortical dysfunctions.58

4.2 rsEEG findings in Long COVID

EEG studies highlighting the features of rsEEG abnormalities in

Long COVID patients showed interesting results summarized in

Table 2.15,17,40,59,60 Background “slowing” of rsEEG rhythms was a

common finding.15,17 Specifically, the posterior dominance in rsEEG

alpha rhythms (typical in noninfected individuals) was observed in only

42% of patients with Long COVID, while the others are character-

ized by dominant power in theta (42%) or theta-delta (14%) bands.15

Furthermore, hemispherical asymmetries in rsEEG amplitude were

abnormally high at delta, theta, alpha, and beta bands in Long COVID

patients.17,61 Abnormally high rsEEG delta rhythms on widespread

scalp regions were the most common abnormality in Long COVID

patients.15,17,40,61 Notably, Brutto et al. (2021) reported that individ-

uals with a history of mild COVID-19 infection are 18 times more

likely to develop long term brain disorder and cognitive decline than

controls based on 6-month follow-up rsEEG.17 Both verbal memory

deficits and frontal executive functioning issues were also correlated

with rsEEG abnormalities in Long COVID patients 2 months after the

infection.40

5 EEG SLOWING IN COVID-19

Some abnormalities in rsEEG activity reported in Long COVID patients

were observed in patients with ADRD. For example, abnormally high

rsEEG delta-theta power density over widespread scalp regions was

reported in AD patients, in comparison to healthy controls.62,63 Fur-

thermore, early AD patients typically showed a shift to lower fre-

quency in rsEEG rhythms29 and altered task-evoked EEG potentials,

which led to gradual loss of cognitive functions, especially working

memory and executive functions, as well as slower reaction times.64

Such slowing of rsEEG rhythms is thought to reflect a thalamocorti-

cal “disconnection mode” during disease progression from preclinical

to clinical stages of ADRD.29 Along these lines, similar abnormally

prominent rsEEG activity was reported in patients with MCI, partially

induced by vascular ormetabolic dysfunctions, for example, high blood

pressure and type 2 diabetes.63 Overall, a continuum of alterations in

rsEEG was associated with pathological aging, generally characterized

by reduced alpha and beta power and increased delta and theta power

in ADRD compared to healthy controls, with some variation across

brain regions. There were also reductions in the frequency and power

density of the posterior dominant rhythm in AD.

5.1 COVID-19 EEG abnormality and known AD
pathologies

It is not entirely clear how COVID-19 contributes to a shift to lower

frequencies in the rsEEG activity, parallel to that observed in ADRD

patients.65 New magnetoencephalographic (MEG) evidence supports

the link between “slowing” in the brain rhythms and cellular mech-

anisms of impaired cerebral excitatory and inhibitory (E/I) synaptic

functions associated with tau and A-beta (Aβ) in AD patients.66,67 In

these seminal studies, increased excitatory activity was related to high

tau levels, while increased inhibitory time-constants correlated with

higher Aβ depositions.66 Linking these effects to the abnormal rsEEG

activity seen in Long COVID patients, it can be speculated that similar

accumulation of amyloid and tau may co-occur with the neuroinflam-

matory, autoimmune, hypoxia, and cerebrovascular alterations that are

often observed in ADRD patients.67

Understanding a potential relationship between COVID-19 and the

amyloid and tau pathologies could also be insightful. Studies show

that COVID-19 patients having neurological symptoms had amyloid

pathologies. For instance, patients with amyloidosis are at a higher risk

for severeCOVID-19 infection andmortality.68 Furthermore, total-tau

and neurofilament light (NfL) chain in cerebrospinal fluid (CSF) were

elevated in one in fourCOVID-19 patientswith acute neurological syn-

dromes compared to non-COVID-19 control patients.69 Both in vivo

and in vitro studies showed that amyloid precursor protein promotes

the entry of SARS-CoV-2 virus into cells and further aggravates AD

pathology.70

At the molecular level, microarray and RNAseq dataset analy-

sis suggest common enriched genes in COVID-19 and AD. These

include hub genes, specific miRNA targets associated with COVID-

19 and AD, and several enriched cell-signaling pathways, such as

PI3K-AKT, Neurotrophin, Rap1, and Ras, which may induce amy-

loid precursor protein and tau hyperphosphorylation associated with

neurodegeneration.71,72 The structure of SARS-CoV-2 includes four

proteins: spike, envelope, membrane, and nucleocapsid proteins,

which form amyloid fibrils intracellularly or extracellularly (spike

protein).73 Besides direct viral induction of Aβ, indirect connec-

tions between COVID-19 and Aβ are also reported. For example,

COVID-19 as a respiratory disease causes hypoxia that has been

linked with increased Aβ burden and dementia.74 Alternative indirect

COVID-19-Aβ burden connection mechanisms were also reported,

including inflammation,75 blood-brain barrier breakdown,76,77 glucose

metabolism dysregulation,78 and commonly associated genetic risk
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factors such as apolipoprotein E4 (APOE4).79 For example, one study

reported increased proinflammatory cytokines in the CSF of COVID-

19 patients, which negatively correlated with decreased CSF soluble

amyloid precursor protein.80 Intriguingly, SARS-CoV-2 inducedAβbur-
den can serve dual functions, both in a protective role and by activating

Aβ expression and toxicity underlying AD progression.81–83 More

knowledge needs to be gained to understand the unprecedented con-

dition that we will be facing in the next few decades. Taken together,

these preliminary findings suggest that the links between amyloid,

tau pathology, and COVID-19 may explain the slowing EEG waves in

COVID-patients.

5.2 Hypoxia, heart rate variability, and rsEEG
activity in Long COVID

Hypoxia, which is associated with ADRD, including AD and cere-

brovascular dementia,84 is another possible cause of abnormalities in

rsEEG activity and neurological symptoms in Long COVID patients.

Hypoxia serves as a vital connection between lung and heart deficits

that are linked to cerebrovascular dysfunction in the brain. Here, we

present well established evidence that hypoxia contributes to rsEEG

activity and likely to Long COVID. COVID-19 infection impacts brain

blood perfusion and oxygenation by several mechanisms. SARS-CoV-

2 neuroinvasion through the cerebral vasculature may affect regional

brain blood flow and metabolism, thus affecting the synchronization

of oscillatory activity in cortical and thalamic neurons, which under-

lie dominant rsEEG alpha rhythms and regulation of cortical arousal

and vigilance.29,85,86 Lower oxygen saturation levels have been linked

with more severe rsEEG abnormalities, indicating that higher lev-

els of hypoxemia could contribute to brain dysfunction. Related EEG

abnormalities include mostly diffuse and focal slowing, and absence of

posterior dominant rhythm.87

COVID-19 is associated with respiratory symptoms and often

requires treatment via ventilation in severe cases connected to acute

respiratory distress syndrome (ARDS). ARDS can induce hypoxia,

which results in hypoxic encephalopathy, particularly in older individ-

uals with high vulnerability to oxidative stress.45 Respiratory damage

can even give rise to silent hypoxia, defined as a condition where an

individual has alarmingly lower oxygen saturation levels than antici-

pated (∼50%–80% saturation, while the anticipated saturation level is

95% or higher) in the absence of any breathing difficulty.88 As illus-

trated by Rahman et al. (2021), silent hypoxia has been associated

with several COVID-19 related symptoms.89 Silent hypoxia can result

in overexpression of ACE2 receptors thereby increasing the risk of

damage through COVID-19 infection. The condition can also further

contribute to the mechanism of the “cytokine storm” by recruiting dif-

ferent mediators of inflammation. Moreover, silent hypoxia can cause

serious endothelial damage through nuclear factor kappa B (NF-kB)

transcription factor activation. Finally, silent hypoxia can signal a differ-

ent immune-metabolism pathway and cause secondary organ damage.

All these factors lead to the critical condition of COVID-19 patients

along with an increasedmortality rate.89

Hypoxia could result from abnormal heart-brain connections as

well. The heart provides oxygen for the brain through cardiovascular

blood flow that is regulated by the balance of two branches of auto-

nomic activity (symptomatic and parasympathetic/vagal nerves). The

autonomic activity is proxied by heart-rate variability (HRV), which

has been reported to change in COVID-19 patients. For example, in a

recent study, resting HRV predicted survival in patients aged 70 and

older.90 COVID-19 was shown to be related to decreased HRV,91 sug-

gesting COVID-19 may link with autonomic dysfunction. Autonomic

dysfunction may be reflected by orthostatic intolerance, which has

been experienced by some COVID-19 patients.92 Orthostatic intoler-

ance or autonomic dysfunction can be associated with hypoperfusion

in the brain and may contribute to hypoxia and cognitive symptoms

(e.g., brain fog). Besides HRV, the change of cardiovascular activity can

also result from COVID-19 infection in the heart itself.93,94 Changes

in cardiac tissue will affect the pumping activity and eventually link

to hypoperfusion of the brain. Allostatic interoceptive overload, com-

monly observed in dementia via autonomic-cardiac-brain interaction,

could also represent a complex and multilevel mechanism involved in

COVID-19.

An EEG signature in some COVID-19 patients who are slow to

recover consciousness includes burst suppression.95 Burst suppres-

sion is an EEG pattern during which active and isoelectric (flat) periods

alternate. The characteristics of burst suppression suggest that it can

be a dynamic process, affecting nearly the entire cortex, and that

it is associated with a decreased cerebral metabolic rate of oxygen

consumption. Electrophysiological modeling has shown that burst sup-

pression is likely a signature of a neurometabolic state that preserves

basic cellular function “during states of lowered energy availability.”

These brain states likely serve as a neuroprotective mechanism. Pro-

longed coma and recovery accompanied with hypoxia and markedly

reduced brain metabolism with similar EEG patterns are present in

certain patients after cardiac arrest and in certain anoxia-tolerant

vertebrates.95 In some severe COVID-19 encephalopathy patients, an

AC pattern may be observed. The predominant, generalized, and sym-

metrical rhythm within the alpha frequency band58 is rare in other

encephalopathies but has a relatively high incidence in COVID-19

encephalopathy, whichmay imply neurotropismwith a predilection for

the brainstem ascending reticular system.54

Hypoxia related EEG patterns in COVID-19 patients may mimic

those seen in sleep apneas (OSA). In a study of men with obstructive

sleepapnea (OSA), severity of hypoxiawas significantly associatedwith

EEG slowing and reduced power across all frequency bands, predomi-

nantly in rapid eyemovement (REM) sleep, andwith beta power during

non-REM (NREM) sleep.96 Reduced P300 amplitudes in severe OSA

(SOSA) patients suggest impaired attentional resources during stim-

ulus evaluation processes, while prolonged P300 latency is linked to

altered stimulus classification and cognitive processing speed.97 The

alterations in brain electrical activity in regions associated with emo-

tional regulation, long-term memory, and the default mode network

may be caused by chronic global hypoxic state.98

Previous studies indicate that transient experimental hypoxia

induces abnormal posterior resting state delta and alpha rhythms in
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10 JIANG ET AL.

healthy volunteers.99 A study comparing EEGs of subjects who inhaled

an acute hypoxic mixture at sea level or who reached a high-altitude

area under chronic hypoxia, showed that severe hypoxia caused more

obvious abnormalities on EEGs, and that acute hypoxia caused more

obvious abnormalities but faster recovery than chronic hypoxia.100,101

Other studies indicate thatduring systemichypoxia, the spectral power

of rsEEGwith closed eyes increases, except for in the alpha band.101 In

the alpha band, a rapid decrease in power is observed, which is greater

at mild desaturation,102 especially in the first 150 s of hypoxia.103

Regarding event-related potentials (ERPs), significant reduction can be

observed in the amplitude of the visual mismatch negativity (MMN)

under hypoxic conditions.104 Acute hypoxia has been found to impair

neural activity in motor executive and inhibitory processing, cause a

reduction in the peak amplitudes of Go-P300 and No-go-P300, and

delay peak latency ofGo-P300105 andP300 latency,106 with no change

in earlier components (i.e., P200 or N100).107 Thus, cognitive ERPs

can be sensitive to hypoxia induced cognitive impairments. Regard-

ing modality, auditory responses are believed to be less sensitive to

hypoxia compared to visual responses, resulting in relatively less slow-

ing with auditory stimuli.107 Regarding topography of hypoxic changes

in the brain, a MEG study localized an increase in beta-1 activity

to the right superior frontal gyrus, indicating a relationship between

prefrontal activation and performance deficits.108 Further research is

needed to understand the relationship between EEG/MEG alterations

and hypoxic conditions directly resulting fromCOVID-19.

COVID-19 can lead to CNS hypometabolism as well. Brain

hypometabolism, measured by positron emission tomography (PET),

has been observed in Long COVID patients with persistent memory

impairment.109 Furthermore, Martini et al. (2022) reported a diffuse

brain hypometabolism in COVID-19 patients followed longitudinally,

which recovered after 5 months along with blood saturation and

inflammatory biomarker levels, and cognitive status.110 In these

patients, EEG monitoring showed general “slowing” of frontal rsEEG

rhythms, along with a spread in frontal hypometabolism.16 Arica-Polat

et al. (2022) reported that cognitive impairment due to COVID-19

infectionmay be caused byACE receptor density in the pial, hippocam-

pal, and amygdala areas.111 Furthermore, individuals with severe

dementia having a milder COVID-19 infection could be explained by

graymatter atrophy in those brain areas.

Building on emerging evidence of EEG abnormality in COVID-19,

the expanded Expert Panel endorsed the present narrative review to

clarify the likely relationships between EEG abnormalities related to

Long COVID (Figure 3). Next, the hypotheses of possible overlapping

pathophysiological and neurophysiological mechanisms underlying

Long COVID and ADRD are examined.

6 POSSIBLE NEUROPHYSIOLOGICAL
ABNORMALITIES IN LONG COVID: PARALLEL TO
ADRD

Recent studies have discussed how Long COVID infection can affect

neuronal activity and cognitive status, though the exact pathophysi-

ological mechanisms leading to the neurological and psychiatric con-

sequences of Long COVID have not been determined conclusively.112

Early in the pandemic, it was debated whether the SARS-Co-V2 virus

can directly infect central (CNS) and peripheral (PNS) nervous systems,

or if the “neurotoxicity” may result from indirect immune-mediated

mechanisms.110 The CNS was found to be substantially involved

in COVID-19 based on several neurological and pathophysiological

symptoms,113 although there are varying degrees of CNS involvement

in the acute phase of COVID-19 patients.87 Patients with transient

COVID-19 effects may have a substantially preserved neuronal func-

tion illustrated by normal background rsEEG alpha activity; in con-

trast, those with more severe prognoses exhibited significant rsEEG

abnormalities.87 A few causative neurobiological and neurophysiolog-

ical mechanisms for Long COVID and abnormal rsEEG activity are

outlined below. These mechanisms will be also discussed in relation to

ADRD for the similarities in the rsEEG abnormalities in Long COVID

and ADRD.

6.1 Neuronal abnormalities in Long COVID and
ADRD arising from neuroinflammation and chronic
glial reactivity

One of the most likely mechanisms of COVID-19 neuroinvasion

explaining the “slowing” of rsEEG activity is the inflammatory

response to the SARS-COVID-19 virus, leading to cytokine-mediated

neuroinflammation.114 Binding of coronavirus spike proteins to ACE2

in the bloodstream115 can affect ACE2 expression throughout cere-

bral vasculature, resulting in vascular inflammation and possibly the

disruption of the blood-brain barrier (BBB). Infiltration of bloodborne

particles into the brain is a well-known trigger for the activation of

microglia and astrocytes associated with elevated neuroinflammatory

signaling.116 Moreover, inflammation-mediated disruption of the BBB

can make astrocytes and other resident brain cells directly accessible

to SARS-CoV-2 viral particles.

Astrocytes aremetabolic liaisons between cerebral vessels andneu-

rons. Nearly every cerebral vessel is sheathed by specialized processes

called astrocyte endfeet (circles in Figure4).Other astrocyte processes

cradlemany, if notmost, excitatory connections in thebrain. Astrocytes

can uptake viral particles directly through coronavirus coreceptors

(e.g., CD147 or DPP4), or through interactions with other perivas-

cular cells like pericytes. Not surprisingly, astrocytic injury has been

reported to occur early in acute phases of COVID-19 infection.117

Once injured (or activated), astrocytes can release a wide array of

cytokines and chemokines. Astrocytes were suggested to play a major

role in the generation of an inflammatory cytokine storm response fol-

lowing infection with a murine coronavirus that mirrors COVID-19.

Viral infection of astrocytes has been linked to encephalitis and other

acute inflammation-relatedmorbidities.118

Astrocyte reactivity is a prominent feature of AD and most ADRDs

(e.g. in response toxic Ab and Tau species) where it is suspected

as a proximal cause of neuroinflammation, cerebrovascular dysfunc-

tion, impaired synapse function, and neuronal hyperexcitability.119,120
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JIANG ET AL. 11

F IGURE 3 Electroencephalographic (EEG) abnormality in healthy versus coronavirus disease 2019 (COVID-19) positive individuals. Scalp
EEG signals measure synchronized postsynaptic current and neurovascular network activity. EEG abnormalities observed in COVID-19 patients
display increased slow-wave and epileptiform-like EEG signals inmostly frontal sites, as seen in Table 1 (acute) and Table 2 (Long COVID). Cognitive
and neurological dysfunctions reported in COVID-19 patients resemble those withmild cognitive impairment due to neurodegenerative diseases.

Like AD and ADRDs, changes in COVID-19-associated astrocytic

inflammatory signatures are regulated by canonical NF-kB signal

transduction.121,122 Interestingly, neurotropism and neurotoxicity are

higher after COVID-19 infection in neurons and astrocytes express-

ing the AD risk gene APOE4,123 suggesting that astrocytes may be

a source of confluence for pathophysiologic changes observed in

individuals with COVID-19 and dementia. As outlined above, reac-

tive astrocytes may contribute to neurologic dysfunction arising with

COVID-19 and dementias through the initiation and/or maintenance

of harmful neuroinflammatory responses. Below, we consider how

reactive astrocyte signaling and neuroinflammation can directly affect

synapses (and EEG patterns) based on findings from the AD/ADRD

literature.

6.1.1 Astrocytes, complement C3 factors, and
synapse loss

The complement cascade (Figure 4) is a critical defense mechanism

against invading pathogens (both outside and inside the CNS) but

can cause extensive damage to host tissues when chronically engaged

and/or dysregulated.124 As compared to controls, the brain tissues of

patients who died from COVID-19 have shown a significant increase

in multiple complement components including C1q, C4d, C5b-9, and

C3. These effects have been shown to occur with vascular endothe-

lial cells and are associated with the extravasation of fibrinogen and

apparent leakage of theBBB.125 These findings implicate both the clas-

sical and alternative complement pathways and suggest that C3b and

the C5b-9 terminal complement complex (membrane attack complex,

MAC) may act in concert with neuroinflammatory and immune fac-

tors to contribute to the neurological sequelae seen in patients with

COVID-19.

Among their many functions in brain tissue, the complement system

plays an important role in eliminating unnecessary or dysfunctional

synaptic structures. The essential players in synapse elimination are

C1q, coming primarily from neurons, and C3, derived primarily from

astrocytes. Under neuroinflammatory conditions (and elevated com-

plement signaling), the release of C3 from reactive astrocytes is

converted to proteolytic fragments upon interaction with C1q from

nearby neurons. TheseC3 fragments, especially C3b, opsonize inactive

or dysfunctional synapses leading to microglial mediated phagocytic

clearance. C3 has been proposed as a primary mechanism for synapse

loss and dysfunction inAD.126 C3 is robustly elevated in reactive astro-

cytes in aging and most ADRDs and is strongly induced in astrocytes

by exposure to pathogenic Aβ peptides.127 In mousemodels of AD-like

pathology, C3 andC1q tend to localizewith synapses to amuch greater

extent than what is observed in age-matched wild-type littermates.

Moreover, genetic knockdown of C3 has been shown to preserve

synaptic density and improve neural function in amyloidogenic mice.

Whether COVID 19 mediates synapse loss and/or neurodegeneration

through a similar release of C3 from reactive astrocytes remains to be

determined.

In addition to releasing C3 and other synapse-related proteins,

reactive astrocytes in ADRDs also lose properties that help protect

or maintain healthy synapses. One of the fundamental protective

roles of astrocytes is the uptake of glutamate from synapses via

high-capacity glutamate transporters, like EAAT2 (GLT1 in rodents)

and EAAT1 (GLAST in rodents). Glutamate transport from the synapse

into the astrocyte not only preserves excitatory/inhibitory balance and

protects against exocytotic damage, but it also regulates the delivery

of energy substrates (e.g. lactate) to neurons.120 Potent neuroinflam-

matory mediators, including cytokines (e.g., interleukin 1 beta [IL-1β]
and tumor necrosis factor alpha [TNFα]) and Aβ peptides arising with
neuroinflammation and/or ADRDs lead to the downregulation of
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12 JIANG ET AL.

F IGURE 4 Complex brain pathophysiology and pathology of coronavirus disease 2019 (COVID-19) infection and Alzheimer’s disease and
related dementias (ADRDs). COVID-19 is a viral pathogen that systemically induces blood immune cell activation, glycocalyx damage, blood
clotting, vascular damage and dysfunction observed in heart attack and stroke. This causes blood component infiltration, hypoperfusion and glia
cell activation in brain tissue. The circles illustrate endfeet of astrocyte in modulation of synaptic functions. Alternatively, this viral particle could
directly enter and trigger parenchymal astrocyte andmicroglia activation. Proinflammatory cytotoxic cytokines and complements produced from
both blood and glia cells cause neuroinflammation and neuronal injury. Dysregulation of glutamate, calcium signaling, and oxidative stress further
complicates physiological function of synapses and neurons. This complex pathophysiology is similarly found in AD and ADRDswhere vascular
pathology and neuronal loss are commonly observed. Hypoxia, oxygen, and heart-brain dysfunction contribute to EEG signals. Consequently, signs
and symptoms of confusion, inability to concentrate, learning andmemory impairment are concurrently foundwith reduced
electroencephalographic (EEG) signals and abnormal EEG synchrony in cortical, subcortical, and deep brain regions.

astrocytic glutamate transporters,128–131 resulting in delayed gluta-

mate clearance, dendritic degeneration, and synapse hyperexcitability.

Glutamate transporter levels are regulated by classic inflamma-

tory pathways, like NFκB, and closely intertwined Ca2+ dependent

pathways like calcineurin/NFAT (nuclear factor of activated T cells).

Astrocytes pre-exposed to a variety of cytokines and other inflam-

matory mediators lead to hyperactivated Ca2+-signaling,132 which

may, in turn, stop the development of synchronized neuronal calcium

oscillations133 and/or promote deficits in Ca2+ dependent synaptic

plasticity.134 Hyperactivation of astrocytic calcineurin and NFATs is a

common feature of several ADRDs including AD,135,136 vascular cogni-

tive impairment and dementia,137,138 and traumatic brain injury.139,140

Targeted blockade of calcineurin/NFAT signaling in astrocytes pre-

vents downregulation of glutamate transporters in primary astrocyte

culture models of neuroinflammation, and in mouse models of amyloid

pathology, leading to improved glutamate uptake, reduced neuronal
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JIANG ET AL. 13

hyperexcitability, increased synaptic strength and dendritic integrity,

and improved cognitive function.130,131,135 However, the role of astro-

cytic calcium signaling or glutamate dysregulation as contributing

factors in COVID-19 related neurologic dysfunction and degeneration

has yet to be investigated.

6.1.2 Abnormal EEG reflects synaptic dysfunction

It has been well established that EEG signals measure synchronized

postsynaptic neural activity and neuron networks that reflect altered

synaptic functions underlying cognitive changes.141 Abnormal EEG

signals arise mainly from postsynaptic currents and not action poten-

tials in the brain. Synaptic losses were observed early on in both the

temporal and parietal cortexes of brains of patients with MCIs and

AD.142

Decades of literature has showncognitive event-relatedEEGpoten-

tials (averaged EEG activity related to a cognitive event such as

attention ormemory retrieval) correlate to various cognitive functions

in healthy humans and dysfunctions in aging and mental disorders141

including ADRD.31 However, cognitive EEG studies in COVID-19

patients appear to be amissing piece.

6.2 Autoimmune response in Long COVID and
ADRD

A second potential common mechanism of COVID-19 neuroinva-

sion and ADRD explaining the “slowing” of rsEEG activity may

be an autoimmune driven response. Some factors such as proin-

flammatory cytokines and chemokines, damage-associated molec-

ular patterns (DAMPs), molecular mimicry, cross-reactive antibod-

ies, and auto-antibodies may contribute to autoimmune dysregula-

tion in Long COVID patients. The analysis of a COVID-19 positive

patient showed neurological improvement to steroid treatment, indi-

cating that the viral mechanism could be tied to an autoimmune

neuroinflammation.143 A cytokine storm induced byCOVID-19 caused

neuroinflammatory encephalitis via immune effector cell-associated

neurotoxicity syndrome (ICANS).18,45 ICANS presents with general-

ized EEG “slowing” as well as clinical manifestations including confu-

sion, short-termmemory impairment, expressive deficits, and behavior

disturbances including impulsivity, emotional lability, abulia, and aki-

netic mutism.18,45

It has also been revealed that autoimmune disease related

encephalitis, due to antibodies acting against the N-methyl-D-

aspartate (NMDA) receptors, can lead to diverse neurological and

psychiatric symptoms.144 Similarly, COVID-19 patients showed

dysregulated autoantibody levels correlating with the virus sever-

ity, including antibodies against the dopamine-1 receptor, NMDA

receptor, brain-derived neurotrophic factor, myelin oligodendrocyte

glycoprotein (MOG), and acetylcholine receptor when compared with

healthy controls.145 Overall, the complex pathophysiology seen in

Figure 4 is similarly found in AD and ADRDswhere vascular pathology

and neuronal loss are commonly observed. Consequently, signs and

symptoms of confusion, inability to concentrate, and learning and

memory impairment are concurrently found with reduced EEG signals

and abnormal EEG synchrony in cortical, subcortical, and deep brain

regions.

6.3 Cerebrovascular injury and atrophy in
COVID-19 and ADRD are linked to abnormal EEG

Cerebrovascular injury and atrophy are signals of relative long-term

brain damage and have been linked to abnormal rsEEG activity in

COVID-19 and ADRD. A UK Biobank study investigating brain scans

before and after COVID-19 infection compared with matched con-

trols with no previous infection showed significant loss of gray matter

with (1) greater reduction in global brain size, (2) greater reduction in

the orbitofrontal cortex and para-hippocampal gyrus, and (3) greater

changes in regions that are functionally connected to theprimaryolfac-

tory cortex.146 In another study exploring if the spatial distribution

of the anatomical events follows a cortical or subcortical pattern, the

authors found the epicenters of this spread may be the cerebellum

and putamen.147 Furthermore, white matter events were identified

most frequently in the corticospinal tract and corpus callosum. The

corticospinal tract is the main pathway connecting subcortical brain

regions such as the thalamus and basal ganglia. Along with this, the

corpus callosum has an important role in interhemispheric communi-

cation, which can lead to a disconnection syndrome and a wide variety

of neurocognitive deficits.147

To summarize the contrasts and commonalities in COVID-19 and

AD/ADRD,we built amodel frompathology, EEG, and cognitive impair-

ment (Figure 5). Evidence in Section 6 suggests that astrocytes are

indeed injured/activated by COVID-19 infection, or infection with

similar viruses, resulting in neuroinflammation. Parallel changes in

astrocyte reactivity are found in ADRDs. In ADRD, astrocyte reac-

tivity is suspected to cause synaptic hyperactivity, synapse loss, and

neurodegeneration. Astrocyte reactivity leads to the production of

complement C3 and loss of glutamate transport, both of which can

damage synapses. EEGmeasures postsynaptic activity in neuronal net-

works that reflect synaptic injury underpinning cognitive dysfunction.

What we have learned in the ADRD field gives us clues to how reactive

astrocytes andneuroinflammation contribute to theneuralmorbidities

seen in COVID-19.

7 UNRESOLVED ISSUES AND POTENTIAL EEG
NEURAL BIOMARKERS FOR INTERVENTION

Some substantial open questions remain. One question is whether

there is converging evidence on spatial and frequency features of

abnormal rsEEG rhythms in Long COVID patients. Another question is

whether these abnormal features are specific to Long COVID patients

or reminiscent of those with vigilance and cognitive deficits due to

other pathological processes. Indeed, some abnormalities in rsEEG
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14 JIANG ET AL.

F IGURE 5 Proposedmodel: Parallel pathology underlying shared electroencephalographic (EEG) abnormality, and cognitive dysfunction in
coronavirus disease 2019 (COVID-19) and Alzheimer’s disease/Alzheimer’s disease and related dementias (AD/ADRD). (A) Similar pathologies
between COVID-19 and ADRD. Both neural inflammation and cytokine/complement activation in COVID-19, amyloid and tau pathologies in
ADRD contribute to astrocyte over-reactivity, leading to synaptic dysfunction in neurodegenerative diseases. Astrocytes are likely a primary
target of COVID because of the close interaction with the vasculature. Evidence in Section 6 suggests that astrocytes are indeed injured/activated
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JIANG ET AL. 15

by COVID infection or infection with similar viruses resulting in neuroinflammation. Parallel changes in astrocyte reactivity are found in ADRDs. In
ADRD, astrocyte reactivity is suspected to cause synapse loss and neurodegeneration.What we have learned in the ADRD field may give us clues
to how reactive astrocytes contribute to the neural morbidities seen in COVID 19, for example, astrocyte reactivity leads to the production of
Complement C3 and loss of glutamate transport, both of which can damage synapses. (B) EEG signals represent synchronized postsynaptic neural
activity and neurovascular coupling networks measured at the scalp. Common abnormalities observed include increased slow-wave EEG signals
and network hyperexcitability in EEG of both COVID-19 and ADRD patients. Although cognitive event-related potentials (e.g., searching for a car
as workingmemory target) exhibit consistent brainwave patterns in Young heathy individuals versus those withmild cognitive impairment (MCI),
cognitive EEG has not yet been explored in COVID-19 patients. (C) Highlights of key cognitive dysfunctions, e.g., poorer frontal executive
functions, decision-making, reduced attention focus, and short-termmemory, along with slowed reaction times, reported in both COVID-19 and
MCI patients. Decades of literature documents that cognitive event-related potentials underserve various cognitive functions. Although attention,
memory, and frontal decision-making dysfunctions are common in both COVID-19 and ADRDpatients, COVID-19 patients commonly reportmore
brain or mental fog, while spatial and visual disorientation, predominantly affecting the posterior brain regions, aremore frequently observed in
dementia patients

delta, theta, and alpha rhythms have been reported in patients with

cognitive deficits due to AD or cerebrovascular diseases. The cause of

brain fog in Long COVID has not been fully understood.148,149 Similar

symptoms have been observed in people living with other brain condi-

tions (e.g., stroke, epilepsy) without previous COVID-19 infection.1,150

Several important issues are currently unresolved or understudied in

COVID-19 related EEG indicators.

7.1 Fatigue, severity of Long COVID, and
contribution to EEG signals

Fatigue, which is frequent in older adults and ADRD patients, is one

of the most consistently reported symptoms of COVID-19, both ini-

tially and after infection.10 The exact source of this persistent fatigue

is disputed, but it is proposed that fatigue suffered by those infected

with COVID-19 is related to the inflammatory nature of the virus.

Chronic fatigue is linked to many diseases, including autoimmune

diseases like rheumatoid arthritis.151 It is proposed that long-term,

low-grade inflammation maintains consistent fatigue by creating an

imbalance between cellular energy availability and behavioral energy

expenditure.152 It is contribution to EEG signals is no clear. The inflam-

matory cytokine storms that the body undergoes during infection

of COVID-19 create a consistent energy expenditure of the immune

system, causing the infected individual to experience fatigue.

Challenges regarding mixed EEG index of severity of symptoms of

Long COVIDwere found in aging individuals, along with severe effects

found in younger individuals in the acute phase of the virus.153,154

Intermittent frontal rhythmic dischargers were reported as an EEG

biomarker of acute SARS-CoV-2 infection in children.155 Valsamis

et al. (2023) reported more severe effects of EEG slowing in acute

COVID-19 subjects below age 70.154 The average power spectrum

was significantly enhanced in the delta band and attenuated in the

alpha and beta bands compared to aged-matched control patients in

the intensive care unit (ICU) with a negative COVID-19 polymerase

chain reaction (PCR) test.154 These observations raise several ques-

tions, including the main mechanisms contributing to CNS symptoms

in COVID-19 infection, which might be different in young and older

patients (e.g.,magnitudeof cytokine storm). Another debate iswhether

preexisting cognitive impairment does not cause higher morbidity

rates in COVID-19 individuals, but rather thosewith preexisting cogni-

tive impairment aremore likely to suffer from other comorbidities that

causemore severe cases of COVID-19.156

Cognitive functions and anxiety were significantly affected by an

acute omicron infection in 2023, which demonstrates its association

with nervous system symptoms (gray matter thickness/subcortical

nuclear volume). Yet, there is evidence that cognitive deficits subside

after some time in mild COVID-19 patients.157 However, measuring

associations between mild COVID-19 infection and long-term cogni-

tive deficits is challenging due to the scarcity of longitudinal data, as

infection is unpredictable and reinfection rates are high.158

7.2 EEG monitoring in COVID-19 recovery and
treatment

There are various methods of treatment for COVID-19. Many of

the remedies for COVID-19 include antiviral medications or a mon-

oclonal antibody intravenous treatment. More serious cases of indi-

viduals hospitalized with COVID-19 warrant treatment focused on

different elements of the virus, including immunotherapy drugs like

tocilizumab.52 In the case of an individual hospitalized with COVID-

19, presenting with excessive aphasia and inattentiveness, progressing

to severe encephalopathy, treatment with tocilizumab resolved neu-

rological symptoms within 2 days.59 Initial EEG after hospitalization

revealed background slowing and sharp frontal waves, while the 2-

month follow-up EEG post-treatment with tocilizumab showed no

remarkable abnormalities.59 The fact that tocilizumab disrupts the

inflammatory cytokine storm response demonstrates a potential treat-

ment for neurological symptomsofCOVID-19. In the case of a 77-year-

old female presenting with neurological deficits following COVID-19

infection, intravenous methylprednisolone treatment resulted in a

gradual improvement of speech and cognition as well as a reduction of

the background slowing of the EEG signal.16 These cases of COVID-19

successfully treated using drugs offer hope.

Pharmacological treatments of COVID-19 tend to be a broad

approach to treat the illness rather than specifically targeting the cog-

nitive symptoms that result from the infection. Though not in broad

clinical practice, a proposed method of treatment to specifically target

these neurological deficits is quantitative EEG (QEEG) neurofeedback
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16 JIANG ET AL.

therapy. This method of coaching individuals to influence their own

EEG frequencies has been utilized to mitigate some behavioral symp-

toms of other conditions.59 QEEG may be a useful tool to monitor

the recovery of brain functioning as it is easily applicable and repeat-

able over time, even in large cohorts of subjects with COVID-19, from

asymptomatic to critical illness. In using a treatment method that

specifically targets cognitive function, there may be greater poten-

tial to remedy neurological symptoms of COVID-19 and ameliorate

the effects of long-term brain fog. However, research is needed to

directly test this hypothesis, and EEG studies could provide objective

measurements of the integrative functional state of the brain.

7.3 Modulation of COVID-19 related abnormal
EEG by age, sex, and education

Age is a primary risk factor for both ADRD and COVID-19. Age and

sex made significant differences in the survival rates for COVID-19 in

Wuhan China. Deceased patients are typically older than recovered

patients,159 recovered patients are more likely to be male. Resting-

state EEG alpha rhythms in MCI patients are also differently affected

by age and sex, as well as education attainment.160 Posterior alpha

sources are more abnormal in male MCI patients due to AD.66,161 The

psychiatric manifestations are varied between many identifying fac-

tors, such as presence of a pre-existing psychiatric disorder, critical

illness, intensive care, and systemic inflammation.162

Fear of the disease has an interesting age effect. COVID-19 related

stress is expressed differently across sexes and is not consistent across

varied populations.163 Contrary to expectations, some evidence sug-

gest that younger individuals are more susceptible to stress, and

psychological manifestations compared to older generations.164 Sim-

ilar increases of worry and risk perception are observed in women

from low-income settings.165 In contrast, there were no noticeable sex

differences in instances of anxiety, depression, and stress.166 Proso-

cial activity and cooperation are important factors influencing the

adequate responses to the pandemic.165,167,168 Forced lockdowns left

many aging people without social structure and support, resulting in

more significant cognitive decline.169 This exemplifies the detriment of

isolation on individuals because of the COVID-19 pandemic.

The sex or gender differences in electrophysiology of COVID-19

infection or underlying mechanisms are not well investigated, how-

ever it is well known that gender distribution of cognitive symptoms

was clearly visible.170 In a study including patients with COVID-19

infection and associated neurological symptoms, post-COVID-19 syn-

drome was found to be more common in women than men, with the

most common symptoms being headache and cognitive impairment. In

addition, PTSD was more prevalent in women during the COVID-19

pandemic. In a longitudinal study on PTSD, greater Late Positive Poten-

tial (LPP) EEG response predicted PTSD, indicating that this might be

useful as a marker for prevention and treatment. To continue, assess-

ing anxiety symptoms and pretrauma LPP to emotional stimuli may

be helpful for identifying vulnerable individuals before the onset of

symptoms.171 Furthermore, prior research suggests that gender is an

important factor in hypoxia resilience. There is identifiable brain wave

suppression for bothmenandwomenwithhypoxic exposure, and there

are significant differences in this suppressionbetweengenders, such as

significant decreases in theta and gamma frequency power for women

compared tomen.172

Several rsEEG studies investigated the effect of the sex factor in

ADRD patients, which offers insights of future COVID-19 related EEG

studies in men and women. One study showed higher values of pos-

terior delta and theta power in females over male patients (56–79

years).173 Additionally, another study showed that in AD patients, the

male sex combined with early disease onset and increased severity of

behavioral impairment predicted mortality.174 A third study showed

that, in those patients, mortality was predicted by the combination of

the male sex with the following conditions: older age, poor cognitive

function, low rsEEG alpha and beta power density, and temporopari-

etal atrophy.175 These findings agree with previous evidence showing

that brains of women over men may benefit from a sort of neuropro-

tection related to larger normalized volumes of the hippocampus, basal

ganglia, and thalamus.176 This neuroprotective effect may depend on

both constitutional and environmental factors and might interact with

the AD-related amyloid and tau neuropathology and/or the cortical

neurodegeneration,177,178 stabilizing the rsEEG alpha source activities

in the normal elderly and prodromal AD females.160 Finally, sex differ-

ences in astrocyte and complement C3 have not yet been examined in

the context of COVID-19 EEG evaluation.

Educational level may also be related to healthcare access,179 par-

ticularly for older people who experienced difficulties in accessing

such services due to a lack of familiarity or skill with digital applica-

tions. Educational level is strictly related to the concept of cognitive

reserve, allowing those individuals with high education attainment and

whose life is typically characterized by many occasions and opportuni-

ties to learn new knowledge and exercise cognitive functions in their

job and social environment to be resilient concerning their cognitive

status along physiological and pathological aging.180,181 The neuro-

protective effect of education becomes compensatory while ADRD

neuropathological processes occur, as revealed by more resilient cog-

nitive neural systems to the neuropathological and neurodegenerative

burden.181 Previous results on rsEEG biomarkers in cognitively intact

adults showed that earlyADamyloidosis contrast the beneficial effects

of cognitive reserve on neurophysiological oscillatory mechanisms

at alpha frequencies86 and connectivity between the thalamus and

visual cortical networks.182 The functional compensatory mechanisms

unrelated to brain structure alterations were observed also at the pro-

dromal stage of the disease.29 Whether education will have protective

effect for cognitive impairment due to Long COVID is not known.

7.4 Racial disparities in COVID-19 EEG

Many bio-social factors influence COVID-19 symptoms like ADRD,

for example, genetics of an individual brain, and cognitive reserve.

The effects of COVID-19 on the brain have not only been related to

general cognitive function, but also psychiatric symptoms. Both the
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neurological consequencesof thevirus and the stressesof solitudedur-

ing lockdowncan contribute to increased cognitivedecline, particularly

in those with predementia.169 Recovered individuals post-COVID-19

infection have reported worse mental health issues, including anxi-

ety, depression, and PTSD for up to 10 months after infection.40 The

continued cognitive impairment coupled with persistent psychiatric

symptoms could indicate a link between the effects of COVID-19 on

the brain in various areas of function. EEG abnormalities include high

individual alpha frequency, cortical current source density, high delta

linear lagged connectivity, and delta oscillations.

The expectation for severe psychiatric symptoms associated with

COVID-19 infection would be that the stress of hospitalization and

treatment causes higher rates of mental illness. However, this is not

always the case. In a study that compared hospitalized and home-

treated COVID-19 infected individuals, members in both groups

showed symptoms of PTSDpostinfection recovery, illustrating that the

stress of ventilation and sedation in hospital treatment cannot be the

only cause of psychiatric symptoms of COVID-19.40 Suicidal thoughts

were also more prevalent in home-isolated individuals compared to

hospitalized individuals. In addition, depression screening showed that

home-isolated individuals had scores over twice as high as those who

werehospitalized, indicating severedepressive symptoms.183 Compar-

ison of home versus hospital treated individuals highlights the impact

of isolation onmental health of those infected with COVID-19.

Environmental stress associatedwithCOVID-19 can increasemulti-

level allostatic overload, which in turn increases the risk of developing

AD184 and other dementias.185 Having to face the uncertainty of the

infection in isolation contributes to fear and worsening mental state

without the support of direct medical intervention that is seen in

hospital treatment.183

To the best of our effort, we could not find any studies specifically

focusing on EEG markers of COVID-19 in Black or African American

participants. Lack of research is surprising since it is well documented

that the pandemic disproportionately affected Black or African Ameri-

can individuals. AfricanAmerican/Black andHispanic populations have

been reported to experience higher rates of COVID-19 infection and

mortality.Differences inexposure risk andhealthcareaccess could lead

to higher mortality and infection rates.186 Among the EEG research

community, which strives to gather good quality data, there is uninten-

tional bias, which can include avoidance of recruitment and retention

of Black and African American participants due to common hair types

(e.g., curlier) and hairstyles (e.g., braids).187

As stated in a recent special issue in diversity in neuroscience

research, there is growing evidence of racial disparities within the

field.188 The systemic lack of data from Black and African American

participants significantly limits the generalizability of findings. This is

especially concerning considering in the context of dementia as Black

and African American individuals are twice as likely as White indi-

viduals to have ADRD.189 Complex mechanisms can be involved. For

example, the associations between APOE4 and ADRD are weaker in

populations of African descent than in other populations.190 However,

we believe that the COVID-19 pandemic and reverberating negative

effects represent a unique opportunity for EEG researchers to commit

additional efforts to recruit and retain sizable diverse samples.We also

require novel EEG solutions that can better accommodate different

hair types.While these are being developed, gaps still exist, particularly

for dense EEG topographies (e.g., 64- and 128-channel systems).191

Neuroimaging studies have documented racial and ethnic dispari-

ties in brain health inmid- and late life. For example, a recentMRI study

found that, compared toWhite and Latinx adults, Black adults showed

an accelerated pattern of brain aging (i.e., cortical thickness and white

matter hyperintensity volume) in middle age.192 Similar studies using

EEG markers can significantly add to this evidence base and thus

further highlight the impacts of social, physical, and economic adversi-

ties that are often faced by individuals from excluded populations.192

Unsurprisingly, these effects are purported to be higher in popu-

lations with negative social determinants of health and who face

inequities.37,193 Unlike expensive neuroimaging methods, EEG record-

ings are affordable and can be done wirelessly and remotely,194,195

which indicates it to be a good candidate for reducing health disparity

in rural and underprivileged populations around the world.

8 FUTURE DIRECTIONS AND CONCLUSION

With an aging population worldwide, the persistence of neurologi-

cal effects such as brain fog with Long COVID represents a massive

societal and biomedical challenge. In particular, the potential role of

Long COVID as a risk factor for ADRD in older populations warrants

further investigation. Growing research has focused on elucidating

common neurophysiological substrates underlying vigilance and cog-

nitive symptoms in LongCOVID andADRD risk. EEG is ideal to address

these questions, as it is cost-effective, minimally invasive, and widely

accessible.

9 FUTURE DIRECTIONS

Future studies should capture both similarities and differences in

the pathophysiology of cerebral oscillations in COVID-19 and ADRD.

There are multiple unresolved issues that are important to explore

including: (1) Determine the value of EEG monitoring of COVID-

19 severity and prediction of long-term consequences and cognitive

decline risk. (2) Investigate EEG measurements as proxy for synap-

tic dysfunction due to astrocyte-microglia reactivity and pathology. (3)

Establish specific EEG features closely associated with COVID-19 dis-

ease and cognitive dysfunctions. (4) Identify common EEG features

in both COVID-19 and ADRD. (5) Evaluate EEG network features as

neural biomarkers for clinical trials of pharmacological and nonphar-

macological interventions in COVID-19 patients. (6) Assess variations

of COVID-19 related EEG indicators in diverse populations.

10 CONCLUSION

In this review,we try to communicate three take-homemessages. First,

EEG abnormalities have potential for identifying neurological compli-

cations and assisting clinical assessment and cognitive decline risk in
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Long COVID patients. Second, identifying overlapping pathophysiol-

ogy, such as neuroinflammatory mechanisms and astrocyte reactivity,

will advance our understanding of critical pathways of both ADRD and

COVID-19 underlying cognitive and functional decline. Third, what we

have learned in the neurophysiology and ADRD field provides insights

as to how reactive astrocytes may contribute to the neurovascular

comorbidities seen inCOVID-19. Also, it elucidates research questions

regarding cognitive EEG and MCI in Long COVID that have not yet

been adequately investigated.

In conclusion, some individuals with COVID-19 display abnormal

intrinsic brain activity and cognitive impairments that resemble those

seen in neurodegenerative diseases, particularly ADRD. The evidence

presented indicates that COVID-19 andADRDpathologies share com-

mon impacts on synaptic and neurovascular dysfunctions involving

astrocyte reactivity and neuroinflammation. Furthermore, cognitive

symptoms due to COVID-19 are underpinned by neurophysiological

abnormalities typically seen inADRD,which canbedetectedby routine

EEG exams.
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36. Babiloni C, Barry RJ, Başar E, et al. International Federation of

Clinical Neurophysiology (IFCN) – EEG research workgroup: rec-

ommendations on frequency and topographic analysis of resting

state EEG rhythms. Part 1: applications in clinical research studies.

Clin Neurophysiol. 2020;131(1):285-307. doi:10.1016/j.clinph.2019.
06.234

37. Ibanez A, Santamaria-Garcia H, et al. The impact of SARS-CoV-2 in

dementia across Latin America: a call for an urgent regional plan and

coordinated response. Alzheimers Dement. 2020;6(1):e12092. doi:10.
1002/trc2.12092

38. Louis S, Dhawan A, Newey C, et al. Continuous electroencephalog-

raphy characteristics and acute symptomatic seizures in COVID-19

patients. Clin Neurophysiol. 2020;131(11):2651-2656. doi:10.1016/j.
clinph.2020.08.003

39. Antony AR, Haneef Z. Systematic review of EEG findings in

617 patients diagnosed with COVID-19. Seizure. 2020;83:234-241.
doi:10.1016/j.seizure.2020.10.014

40. Cecchetti G, Agosta F, Canu E, et al. Cognitive, EEG, and MRI

features of COVID-19 survivors: a 10-month study. J Neurol.
2022;269(7):3400-3412. doi:10.1007/s00415-022-11047-5

41. Kubota T, Gajera PK, Kuroda N. Meta-analysis of EEG findings in

patients with COVID-19. Epilepsy Behav. 2021;115:107682. doi:10.
1016/j.yebeh.2020.107682

42. Lin L, Al-Faraj A, Ayub N, et al. Electroencephalographic Abnormal-

ities are Common in COVID-19 and are Associated with Outcomes.

Ann Neurol. 2021;89(5):872-883. doi:10.1002/ana.26060
43. Furlanis G, Buoite Stella A, Biaduzzini F, et al. Cognitive deficit in

post-acute COVID-19: an opportunity for EEG evaluation? Neurolog
Sci. 2023;44(5):1491-1498. doi:10.1007/s10072-023-06615-0

44. Vellieux G, Sonneville R, Vledouts S, Jaquet P, Rouvel-Tallec A,

d’Ortho MP. COVID-19-associated neurological manifestations:

an emerging electroencephalographic literature. Front Physiol.
2021;11:622466. doi:10.3389/fphys.2020.622466

45. Toniolo S, Di Lorenzo F, Scarioni M, Frederiksen KS, Nobili F. Is the

frontal lobe the primary target of SARS-CoV-2? J Alzheimer’s Dis.
2021;81(1):75-81. doi:10.3233/JAD-210008

46. Zhao S, Toniolo S, Hampshire A, Husain M. Effects of COVID-19 on

cognition and brain health. Trends Cogn Sci. 2023;27(11):1053-1067.
doi:10.1016/j.tics.2023.08.008

47. Balloy G, Leclair-Visonneau L, Péréon Y, et al. Non-lesional status

epilepticus in a patient with coronavirus disease 2019. Clin Neu-
rophysiol. 2020;131(8):2059-2061. doi:10.1016/J.CLINPH.2020.05.
005

48. Pellinen J, Carroll E, Friedman D, et al. Continuous EEG findings in

patients with COVID-19 infection admitted to a New York academic

 15525279, 0, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.14089 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [02/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1056/NEJMoa2311330
https://doi.org/10.1177/15500594211035923
https://doi.org/10.1007/s00415-020-10057-5
https://doi.org/10.1111/ene.14775
https://doi.org/10.1111/ene.14775
https://doi.org/10.1002/acn3.51348
https://doi.org/10.3389/fneur.2021.699582
https://doi.org/10.3233/JAD-210335
https://doi.org/10.3233/JAD-210335
https://doi.org/10.2147/JMDH.S432969
https://doi.org/10.1016/j.jpsychires.2020.06.022
https://doi.org/10.4103/1673-5374.360273
https://doi.org/10.1056/NEJMc2019373
https://doi.org/10.1056/NEJMc2019373
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1038/s41593-024-01576-9
https://doi.org/10.1038/s41380-022-01786-2
https://doi.org/10.1038/s41380-022-01786-2
https://doi.org/10.1212/NXI.0000000000001151
https://doi.org/10.1212/NXI.0000000000001151
https://doi.org/10.1002/alz.12311
https://doi.org/10.1002/alz.12311
https://doi.org/10.1016/s1388-2457(99)00141-8
https://doi.org/10.1016/j.ijpsycho.2022.05.008
https://doi.org/10.1016/j.ijpsycho.2022.05.008
https://doi.org/10.1111/psyp.13934
https://doi.org/10.3389/fnagi.2021.625006
https://doi.org/10.3389/fnagi.2021.625006
https://doi.org/10.1016/j.neurobiolaging.2024.01.013
https://doi.org/10.1016/j.neurobiolaging.2024.01.013
https://doi.org/10.1093/cercor/bhad300
https://doi.org/10.1016/j.clinph.2019.06.234
https://doi.org/10.1016/j.clinph.2019.06.234
https://doi.org/10.1002/trc2.12092
https://doi.org/10.1002/trc2.12092
https://doi.org/10.1016/j.clinph.2020.08.003
https://doi.org/10.1016/j.clinph.2020.08.003
https://doi.org/10.1016/j.seizure.2020.10.014
https://doi.org/10.1007/s00415-022-11047-5
https://doi.org/10.1016/j.yebeh.2020.107682
https://doi.org/10.1016/j.yebeh.2020.107682
https://doi.org/10.1002/ana.26060
https://doi.org/10.1007/s10072-023-06615-0
https://doi.org/10.3389/fphys.2020.622466
https://doi.org/10.3233/JAD-210008
https://doi.org/10.1016/j.tics.2023.08.008
https://doi.org/10.1016/J.CLINPH.2020.05.005
https://doi.org/10.1016/J.CLINPH.2020.05.005


20 JIANG ET AL.

hospital system. Epilepsia. 2020;61(10):2097-2105. doi:10.1111/epi.
16667

49. Galanopoulou AS, Ferastraoaru V, Correa DJ, et al. EEG findings in

acutely ill patients investigated for SARS-CoV-2/COVID-19: a small

case series preliminary report. Epilepsia Open. 2020;5(2):314-324.
doi:10.1002/EPI4.12399

50. Parra A, Juanes A, Losada CP, et al. Psychotic symptoms in

COVID-19patients. A retrospective descriptive study.Psychiatry Res.
2020;291:113254. doi:10.1016/J.PSYCHRES.2020.113254

51. Lambrecq V, Hanin A, Munoz-Musat E, et al. Association of clin-

ical, biological, and brain magnetic resonance imaging findings

with electroencephalographic findings for patients with COVID-

19. JAMA Netw Open. 2021;4(3):e211489-e211489. doi:10.1001/
jamanetworkopen.2021.1489

52. Muccioli L, Pensato U, Cani I, et al. COVID-19-related encephalopa-

thy presenting with aphasia resolving following tocilizumab treat-

ment. J Neuroimmunol. 2020;349:577400. doi:10.1016/j.jneuroim.

2020.577400

53. Ayub N, Cohen J, Jing J, et al. Clinical electroencephalography

findings and considerations in hospitalized patients with coron-

avirus SARS-CoV-2. Neurohospitalist. 2021;11(3):204-213. doi:10.
1177/1941874420972237/FORMAT/EPUB

54. Koutroumanidis M, Gratwicke J, Sharma S, Whelan A, Tan SV,

Glover G. Alpha coma EEG pattern in patients with severe COVID-

19 related encephalopathy. Clin Neurophysiol. 2021;132(1):218-225.
doi:10.1016/j.clinph.2020.09.008

55. Vespignani H, Colas D, Lavin BS, et al. Report on electroencephalo-

graphic findings in critically ill patients with COVID-19. Ann Neurol.
2020;88(3):626-630. doi:10.1002/ana.25814

56. Petrescu AM, Taussig D, Bouilleret V. Electroencephalogram (EEG)

in COVID-19: a systematic retrospective study. Neurophysiologie
Clinique. 2020;50(3):155-165. doi:10.1016/j.neucli.2020.06.001

57. Pati S, Toth E, Chaitanya G. Quantitative EEG markers to prog-

nosticate critically ill patients with COVID-19: a retrospective

cohort study. Clin Neurophysiol. 2020;131(8):1824-1826. doi:10.

1016/j.clinph.2020.06.001

58. Kaplan PW, Genoud D, Ho TW, Jallon P. Etiology, neurologic

correlations, and prognosis in alpha coma. Clin Neurophysiol.
1999;110(2):205-213. doi:10.1016/S1388-2457(98)00046-7

59. Kopańska M, Banaś-Ząbczyk A, Łagowska A, Kuduk B, Szczygielski

J. Changes in EEG recordings in COVID-19 patients as a basis

for more accurate QEEG diagnostics and EEG neurofeedback ther-

apy: a systematic review. J Clin Med. 2021;10(6):1-12. doi:10.3390/
jcm10061300

60. Babiloni C, Gentilini Cacciola E, Tucci F, et al. Resting-state EEG

rhythms are abnormal in post COVID-19 patients with brain

fog without cognitive and affective disorders. Clin Neurophysiol.
2024b;161:159-172. doi:10.1016/j.clinph.2024.02.034

61. Kopanska M, Ochojska D, Banas-Zabczyk A, Blajda J, Szczygielski J.

Attemptedbrainwavemodelling in participants under severe chronic

stress using quantitative electroencephalogram. J Physiol Pharma-
col. 2022;73(3):459-468. https://jpp.krakow.pl/journal/archive/06_
22/pdf/10.26402/jpp.2022.3.14.pdf

62. Corazza LA, Tatsch JFS, Barros MP, et al. Electroencephalographic

findings among inpatients with COVID-19 in a tertiary hospital from

a middle-income country. Arq Neuropsiquiatr. 2021;79(4):315-320.
doi:10.1590/0004-282X-ANP-2020-0555

63. Benwell CSY, Davila-Pérez P, Fried PJ, et al. EEG spectral power

abnormalities and their relationship with cognitive dysfunction in

patients with Alzheimer’s disease and type 2 diabetes. Neurobiol
Aging. 2020;85:83-95. doi:10.1016/j.neurobiolaging.2019.10.004

64. Jiang Y, Li J, Schmitt FA, et al. Memory-related frontal brainwaves

predict transition to mild cognitive impairment in healthy older indi-

viduals five years before diagnosis. J Alzheimer’s Dis. 2021;79(2):531-
541. doi:10.3233/JAD-200931

65. Podlesek A, Komidar L, Kavcic V. The relationship between per-

ceived stress and subjective cognitive decline during the COVID-19

epidemic. Front Psychol. 2021;12:647971. doi:10.3389/fpsyg.2021.
647971

66. Ranasinghe KG, Verma P, Cai C, et al. Altered excitatory and

inhibitory neuronal subpopulation parameters are distinctly

associated with tau and amyloid in Alzheimer’s disease. eLife.
2022;11:e77850. doi:10.7554/eLife.77850

67. Wiesman AI, Murman DL, Losh RA, et al. Spatially resolved neural

slowing predicts impairment and amyloid burden in Alzheimer’s dis-

ease.Brain. 2022;145(6):2177-2189. Publishedonline June30, 2022.
doi:10.1093/brain/awab430

68. Lewis E, Fine N, Miller RJH, et al. Amyloidosis and COVID-19:

experience from an amyloid program in Canada. Ann Hematol.
2022;101(10):2307-2315. doi:10.1007/s00277-022-04964-y

69. Chaumont H, Kaczorowski F, San-Galli A, et al. Cerebrospinal

fluid biomarkers in SARS-CoV-2 patients with acute neurological

syndromes. Rev Neurol (Paris). 2023;179(3):208-217. doi:10.1016/j.
neurol.2022.11.002

70. Chen J, Chen J, Lei Z, et al. Amyloid precursor protein facili-

tates SARS-CoV-2 virus entry into cells and enhances amyloid-β-
associated pathology in APP/PS1 mouse model of Alzheimer’s dis-

ease. Transl Psychiatry. 2023;13(1):396. doi:10.1038/s41398-023-
02692-z

71. Premkumar T, Sajitha Lulu S. Molecular crosstalk between COVID-

19 and Alzheimer’s disease using microarray and RNA-seq datasets:

a system biology approach. Front Med (Lausanne). 2023;10:1151046.
doi:10.3389/fmed.2023.1151046

72. Kirouac L, Rajic AJ, Cribbs DH, Padmanabhan J. Activation of Ras-

ERK signaling and GSK-3 by amyloid precursor protein and amyloid

beta facilitates neurodegeneration in Alzheimer’s disease. eNeuro.
2017;4(2):1-21. doi:10.1523/ENEURO.0149-16.2017

73. Milton NGN. SARS-CoV-2 amyloid, is COVID-19-exacerbated

dementia an amyloid disorder in the making? Frontiers in Dementia.
2023;2:1-6. doi:10.3389/frdem.2023.1233340

74. Pearson HA, Peers C. Physiological roles for amyloid beta peptides. J
Physiol. 2006;575(1):5-10. doi:10.1113/jphysiol.2006.111203

75. Walker KA, Le Page LM, Terrando N, Duggan MR, Heneka

MT, Bettcher BM. The role of peripheral inflammatory insults

in Alzheimer’s disease: a review and research roadmap. Mol
Neurodegener. 2023;18(1):37. doi:10.1186/s13024-023-00627-2

76. Stoddart P, Satchell SC, RamnathR.Cerebralmicrovascular endothe-

lial glycocalyx damage, its implications on the blood-brain bar-

rier and a possible contributor to cognitive impairment. Brain Res.
2022;1780:147804. doi:10.1016/j.brainres.2022.147804

77. Erickson MA, Logsdon AF, Rhea EM, et al. Blood-brain barrier pen-

etration of non-replicating SARS-CoV-2 and S1 variants of concern

induce neuroinflammation which is accentuated in a mouse model of

Alzheimer’s disease. Brain Behav Immun. 2023;109:251-268. doi:10.
1016/j.bbi.2023.01.010

78. Willette AA, Bendlin BB, Starks EJ, et al. Association of insulin resis-

tance with cerebral glucose uptake in late middle-aged adults at risk

for Alzheimer disease. JAMA Neurol. 2015;72(9):1013-1020. doi:10.
1001/jamaneurol.2015.0613

79. Furman S, Green K, Lane TE. COVID-19 and the impact on

Alzheimer’s disease pathology. J Neurochem. Published online Octo-

ber 18, 2023;00:1-15. doi:10.1111/jnc.15985

80. ZiffOJ,AshtonNJ,MehtaPR, et al. Amyloid processing inCOVID-19-

associated neurological syndromes. J Neurochem. 2022;161(2):146-
157. doi:10.1111/jnc.15585

81. LiuN, Jiang X, Li H. The viral hypothesis in Alzheimer’s disease: sARS-

CoV-2 on the cusp. Front Aging Neurosci. 2023;15:1129640. doi:10.
3389/fnagi.2023.1129640

82. Wang HC, ZhangQX, Zhao J,Wei NN.Molecular docking andmolec-

ular dynamics simulations studies on the protective and pathogenic

 15525279, 0, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.14089 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [02/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/epi.16667
https://doi.org/10.1111/epi.16667
https://doi.org/10.1002/EPI4.12399
https://doi.org/10.1016/J.PSYCHRES.2020.113254
https://doi.org/10.1001/jamanetworkopen.2021.1489
https://doi.org/10.1001/jamanetworkopen.2021.1489
https://doi.org/10.1016/j.jneuroim.2020.577400
https://doi.org/10.1016/j.jneuroim.2020.577400
https://doi.org/10.1177/1941874420972237/FORMAT/EPUB
https://doi.org/10.1177/1941874420972237/FORMAT/EPUB
https://doi.org/10.1016/j.clinph.2020.09.008
https://doi.org/10.1002/ana.25814
https://doi.org/10.1016/j.neucli.2020.06.001
https://doi.org/10.1016/j.clinph.2020.06.001
https://doi.org/10.1016/j.clinph.2020.06.001
https://doi.org/10.1016/S1388-2457(98)00046-7
https://doi.org/10.3390/jcm10061300
https://doi.org/10.3390/jcm10061300
https://doi.org/10.1016/j.clinph.2024.02.034
https://jpp.krakow.pl/journal/archive/06_22/pdf/10.26402/jpp.2022.3.14.pdf
https://jpp.krakow.pl/journal/archive/06_22/pdf/10.26402/jpp.2022.3.14.pdf
https://doi.org/10.1590/0004-282X-ANP-2020-0555
https://doi.org/10.1016/j.neurobiolaging.2019.10.004
https://doi.org/10.3233/JAD-200931
https://doi.org/10.3389/fpsyg.2021.647971
https://doi.org/10.3389/fpsyg.2021.647971
https://doi.org/10.7554/eLife.77850
https://doi.org/10.1093/brain/awab430
https://doi.org/10.1007/s00277-022-04964-y
https://doi.org/10.1016/j.neurol.2022.11.002
https://doi.org/10.1016/j.neurol.2022.11.002
https://doi.org/10.1038/s41398-023-02692-z
https://doi.org/10.1038/s41398-023-02692-z
https://doi.org/10.3389/fmed.2023.1151046
https://doi.org/10.1523/ENEURO.0149-16.2017
https://doi.org/10.3389/frdem.2023.1233340
https://doi.org/10.1113/jphysiol.2006.111203
https://doi.org/10.1186/s13024-023-00627-2
https://doi.org/10.1016/j.brainres.2022.147804
https://doi.org/10.1016/j.bbi.2023.01.010
https://doi.org/10.1016/j.bbi.2023.01.010
https://doi.org/10.1001/jamaneurol.2015.0613
https://doi.org/10.1001/jamaneurol.2015.0613
https://doi.org/10.1111/jnc.15985
https://doi.org/10.1111/jnc.15585
https://doi.org/10.3389/fnagi.2023.1129640
https://doi.org/10.3389/fnagi.2023.1129640


JIANG ET AL. 21

roles of the amyloid-β peptide between herpesvirus infection and

Alzheimer’s disease. J Mol Graph Model. 2022;113:108143. doi:10.
1016/j.jmgm.2022.108143

83. Gordon MN, Heneka MT, Le Page LM, et al. Impact of COVID-19

on the onset and progression of Alzheimer’s disease and related

dementias: a roadmap for future research. Alzheimers Dement.
2022;18(5):1038-1046. doi:10.1002/alz.12488

84. Hassan H, Chen R. Hypoxia in Alzheimer’s disease: effects of hypoxia

inducible factors. Neural Regen Res. 2021;16(2):310-311. doi:10.
4103/1673-5374.290898

85. Babiloni C, Arakaki X, Bonanni L, et al. EEG measures for clinical

research in major vascular cognitive impairment: recommendations

by an expert panel. Neurobiol Aging. 2021;103:78-97. doi:10.1016/j.
neurobiolaging.2021.03.003

86. Babiloni C, Blinowska K, Bonanni L, et al. What electrophysiology

tells us aboutAlzheimer’s disease: awindow into the synchronization

and connectivity of brain neurons. Neurobiol Aging. 2020;85:58-73.
doi:10.1016/j.neurobiolaging.2019.09.008

87. Cecchetti G, Vabanesi M, Chieffo R, et al. Cerebral involvement in

COVID-19 is associated with metabolic and coagulation derange-

ments: an EEG study. J Neurol. 2020;267(11):3130-3134. doi:10.
1007/s00415-020-09958-2

88. Levitan RM. Pulse oximetry as a biomarker for early identifica-

tion and hospitalization of COVID-19 pneumonia. Acad Emerg Med.
2020;27(8):785-786. doi:10.1111/acem.14052

89. RahmanA, TabassumT,Araf Y, alNahidA,UllahMA,HosenMJ. Silent

hypoxia in COVID-19: pathomechanism and possible management

strategy.Mol Biol Rep. 2021;48(4):3863-3869. doi:10.1007/s11033-
021-06358-1

90. Mol MBA, Strous MTA, van Osch FHM, et al. Heart-rate-

variability (HRV), predicts outcomes in COVID-19. PLoS One.
2021;16(10):e0258841. doi:10.1371/journal.pone.0258841
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Altered cardiac autonomic function after recovery from COVID-

19. Ann Noninvasive Electrocardiol. 2022;27(1):e12916. doi:10.1111/
anec.12916

92. Vernon SD, Funk S, Bateman L, et al. Orthostatic challenge causes

distinctive symptomatic, hemodynamic and cognitive responses in

long COVID and myalgic encephalomyelitis/chronic fatigue syn-

drome. Front Med (Lausanne). 2022;9:917019. doi:10.3389/fmed.

2022.917019

93. Abbasi J. The COVID heart – one year after SARS-CoV-2 infec-

tion, patients have an array of increased cardiovascular risks. JAMA.
2022;327(12):1113. doi:10.1001/jama.2022.2411

94. Subudhi AW,MiramonBR,GrangerME, RoachRC. Frontal andmotor

cortexoxygenationduringmaximal exercise in normoxia andhypoxia.

J Appl Physiol. 2009;106(4):1153-1158. doi:10.1152/japplphysiol.
91475.2008

95. Schiff ND, Brown EN. Protective down-regulated states in the

human brain: a possible lesson from COVID-19. Proc Natl Acad Sci.
2022;119(46):e2120221119. doi:10.1073/pnas.2120221119

96. Appleton SL, Vakulin A, D’Rozario A, et al. Quantitative electroen-

cephalography measures in rapid eye movement and nonrapid eye

movement sleep are associated with apnea–hypopnea index and

nocturnal hypoxemia in men. Sleep. 2019;42(7):zsz092. doi:10.1093/
sleep/zsz092
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