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Abstract: With a growing number of patients entering the recovery phase following infection with
SARS-CoV-2, understanding the long-term neurological consequences of the disease is important
to their care. The neurological complications of post-acute sequelae of SARS-CoV-2 infection (NC-
PASC) represent a myriad of symptoms including headaches, brain fog, numbness/tingling, and
other neurological symptoms that many people report long after their acute infection has resolved.
Emerging reports are being published concerning COVID-19 and its chronic effects, yet limited
knowledge of disease mechanisms has challenged therapeutic efforts. To address these issues, we
review broadly the literature spanning 2020–2022 concerning the proposed mechanisms underlying
NC-PASC, outline the long-term neurological sequelae associated with COVID-19, and discuss
potential clinical interventions.
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1. Introduction

COVID-19 is a disease caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). As of 25 January 2023, there have been over 600 million confirmed
cases of COVID-19 and over 6 million deaths worldwide [1]. Although the majority of
people recover from acute COVID-19, an estimated 80% of people exhibit at least one
symptom, sign, or laboratory parameter which persists two weeks after acute infection [2].
This presence of symptomatology following acute infection has been referred to in the
medical community as “long COVID” [3], “chronic COVID syndrome” [4], “post COVID-19
syndrome” [5,6], and the more recent and widely-accepted term “post-acute sequelae of
SARS-CoV-2 infection” (PASC) [7], while being referred to in the lay community as the
“long-hauler” syndrome [4].

The symptomatology of PASC is highly variable as the condition can present with
heterogeneous sequelae across multiple organ systems, and it can affect people indepen-
dently of age and severity of acute infection [8,9]. Some sequelae may be a continuation
of acute symptoms, or new symptoms may arise early in the recovery period. The hall-
marks of PASC include generalized fatigue (58% of infected patients), exertional malaise,
palpitations, and shortness of breath, and the most commonly reported neurological com-
plications of PASC (NC-PASC) include headache (44%) and inattention (27%) [2,10]. Major
limitations to these reports are the reliance on subjective self-reported symptoms and a lack
of prospective observational clinical studies. Thus, NC-PASC remains poorly characterized.

2. Defining NC-PASC

The WHO defines the “post COVID-19 condition” as an illness that typically arises
within three months of infection onset and causes symptoms and effects that last at least
two months [11]. However, there is no consensus on the amount of time that must elapse
until patients are considered to have PASC. For instance, recent literature has tried to define
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post-acute COVID-19 as symptoms and complications which present over 4 weeks after
symptom onset [7,12,13]. This post-acute period may then be divided into a subacute
period (4-12 weeks) and a chronic period (>12 weeks) [7]. However, it remains unclear as
to the length of time between acute infection resolution and new symptomatology that one
can invoke PASC as the likely diagnosis. In the case of NC-PASC, many patient-reported
symptoms have been described, but few prospective objective studies have been published.
In the following sections, we will characterize NC-PASC, a subset of PASC, by identifying
common clinical features.

2.1. Clinical and Cognitive Features

Neurological symptoms are common in people experiencing PASC [14]. A meta-
analysis of 81 subjective and objective symptom evaluation studies estimated that 22%
of people report cognitive impairment 12 or more weeks following acute infection [15].
A cohort study using control data from the US Department of Veterans Health Care Sys-
tems showed that COVID-19 patients had an increased risk of stroke, cognitive impair-
ment, memory problems, peripheral nerve disorders (including Guillain–Barré syndrome),
and movement disorders (among other disorders) 30 days after an acute COVID-19 in-
fection [16]. Other common self-reported neurological symptoms include cognitive im-
pairment (frequently referred to as “brain fog” and which typically involve difficulty
with memory, attention/concentration, and multitasking), new or worsening headaches,
numbness/tingling, dysgeusia, anosmia, dizziness, blurry vision, and tinnitus [17].

The acute symptomotology of COVID-19, while not a focus of this review, warrants
discussion as it can pertain to NC-PASC development. During an active infection, COVID-
19 can cause encephalitis [18,19], meningitis [20,21], myelitis [22], demyelination [23],
and seizures [24]. However, there is limited evidence that these acute entities predict long-
haul symptoms as many people report neurological symptoms following mild COVID-
19. Although, there have been reports of increased risk for seizures during COVID-19
recovery [25,26]. Treatments for acute COVID-19 can also cause neurological manifestations
similar to NC-PASC; for example, a man with severe rheumatoid arthritis developed
multifocal cerebral thrombotic microangiopathy following infusion with tocilizumab, an IL-
6 receptor approved for the treatment of COVID-19 [27,28]. Acute brain injuries as caused
by active infection or treatment are rare, but they should be considered in the holistic
management of COVID-19 patients.

There are currently no diagnostic criteria for NC-PASC [29]. This may in part be
due to a lack of consensus on the proper scope of “neurological” issues. For instance,
Moghimi et al. consider neurological effects broadly, proposing a set of criteria for NC-
PASC which necessitates multiple manifestations from at least some of the following
categories: neurologic, neurocognitive, neuroendocrine, autonomic dysfunction, immune
system, laboratory findings, reduction in the ability to engage in activities of daily living
(ADL), fatigue, neuromuscular, and neuropsychiatric [10]. For the purposes of this review,
we will narrow our scope and examine “NC-PASC” as sequelae primarily affecting the
central nervous system (CNS).

2.2. Risk Factors Associated with the Development of NC-PASC

Examining the etiology of NC-PASC may assist clinicians in enacting prophylactic
measures to slow or prevent the development of PASC. Unfortunately, the presentation of
NC-PASC is extremely heterogeneous, and the factors that influence their development
are not clearly known [30]. Considering PASC as a whole, a simple model applied to
self-reported symptom data suggests that increasing age and female sex are predictive of
sequelae which last over 28 days, whereas body mass index is predictive of sequelae that
last between 10 and 28 days [31]. Also, patients who adhere to a diet rich in saturated fats,
sugar, and refined carbohydrates (the “Western diet”) are especially susceptible to severe
COVID-19 infection and its long-term effects [32].
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With respect to NC-PASC, lingering damage and physiological perturbations caused by
acute COVID-19 infection are recurring themes in proposed mechanisms of sequelae devel-
opment. For instance, Doykov et al. observe a persistent inflammatory response 40–60 days
post-infection in asymptomatic and mildly affected (not hospitalized) patients [33]; this sus-
tained inflammation is a potential long-term pathway for sequelae development. NC-PASC
may also be attributed to microcirculation damage including endothelial cell swelling, mi-
crothromboses, capillary blockage, and pericyte damage [34]. Together, inflammation and
physiological stress caused by circulatory system disruptions and a heightened immune
response could be instrumental in the development of NC-PASC. Patients who are more
susceptible to these disease pathways are thus at greater risk for developing long-lasting
neurological complications. Finally, certain comorbities during acute infection such as
diabetes, chronic obstructive pulmonary disease (COPD), cardiovascular disease, hyperten-
sion, and human immunodeficiency virus (HIV) infection should be considered as a more
severe COVID-19 infection in the acute setting may increase susceptibility to and severity
of NC-PASC [35]. Notably, ischemic stroke predicts worse outcomes both as a prior event
in a patient’s history and as a complication of acute COVID-19 [36,37].

3. Hypothesized Pathophysiology of NC-PASC

Understanding the pathophysiological mechanisms underlying NC-PASC could yield
more effective approaches to treatment. However, discordance exists within the literature
as to how SARS-CoV-2 infection causes lingering neurological symptoms; namely, do
symptoms arise from direct effects of SARS-CoV-2 neuroinvasion and injury in the CNS,
or indirect effects causing secondary downstream injury or neurodysfunction? We will con-
sider these possibilities in turn. A graphical summary of the hypothesized pathophysiology
of NC-PASC is provided in Figure 1.

3.1. Is SARS-CoV-2 Neurotropic?

One broad pathophysiological mechanism supported by a few studies and case reports
is neuroinvasion (neurotropism), in which the virus invades the CNS [38–43]. This is distinct
from neuronotropism, which refers to the capability of a virus to infect neurons in vivo.
Known neuronotropic viruses including Zika, polio, mosquito-born viruses (arboviruses,
including West Nile Virus), and herpesviruses can target and destroy neurons, leading
to neurological sequelae [44–47]. Post-mortem examination and brain autopsies have
suggested that SARS-CoV-2 neuroinvasion occurs, but only in a few acutely infected
patients with severe clinical manifestations. Furthermore, there are only rare case reports
of detection of SARS-CoV-2 in cerebrospinal fluid (CSF) also in severely symptomatic
patients, and this is associated with encephalitis, stroke, and in one patient, Guillain-Barré
syndrome [48–50].

The most rigorous and comprehensive studies of post-mortem brain tissues from
infected patients have failed to provide strong evidence in support of the capability of
SARS-CoV-2 to spread within the CNS, but provides evidence for the potential for initial
neuroinvasion. Although the affinity of SARS-CoV-2 to the respiratory and olfactory ep-
ithelium points to olfactory sensory neurons as a potential route of neuroinvasion [51],
samples of olfactory mucosa and olfactory bulb from 70 recently deceased COVID-19
patients (postmortem interval of approximately one hour) and 15 controls fail to show
evidence of infection in olfactory mucosa or bulb neurons, suggesting that SARS-CoV-2
does not infect olfactory neurons in vivo [52]. Other studies, however, do demonstrate
the presence of SARS-CoV-2 RNA sequences in several anatomically distinct and distant
brain regions during the acute and sub-acute phases of infection [40–42]. In Solomon et al.,
several autopsied patients (<32 days from infection) had viral sequences detected (by PCR)
at very low levels (5.0–59.4 RNA copies/mm3) in medulla, frontal lobes, and olfactory
nerves, although viral proteins were not detected by immunohistochemical labeling [41].
There were no NC-PASC patients in that study. Similarly, in Meinhardt et al., PCR detec-
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tion of SARS-CoV-2 RNA sequences in CNS tissue in one patient was observed at day
60 post-infection, and not thereafter [42].

Figure 1. Summary of hypothesized pathophysiological mechanisms of NC-PASC development.
Outstanding inquiries in the field concern the mechanism of SARS-CoV-2 neuroinvasion (direct
neuronal infection via transneuronal spread through the olfactory mucosae versus hematogenous
spread through transendothelial migration of infected leukocytes into the CNS) and the biochemical
pathways that drive NC-PASC development and resolution. Figure was created with BioRender.com.

Finally, Stein et al. demonstrated varying levels of SARS-CoV-2 RNA (genomic/sub-
genomic) in 44 recently deceased COVID-19 patients throughout non-respiratory tissues,
including the brain (Figure 2) [40]. The range of expression of SARS-CoV-2 RNA copies var-
ied by approximately 7 logs, with a dramatic reduction in detectable RNA copies between
days 4–30. The detection of extremely low copy numbers (10−1 to 10−3 copies/ng RNA)
in several CNS regions (cervical cord, thalamus) at day 230 in one patient does indeed
demonstrate some residual SARS-CoV-2 virus sequences in that patient. Although replicat-
ing SARS-CoV-2 was cultured from the thalamus from one patient at day 13 in the study,
evidence for ongoing replication of the virus in the brain that could contribute to NC-PASC
is lacking. Thus, while there is evidence that SARS-CoV-2 is able to invade the CNS in the
severe, acute infection phase, there is extremely limited data to support the persistence of
SARS-CoV-2 being an etiology for NC-PASC [43]. The SARS-CoV-2 RNA expression data
collected by Stein et al. are adapted and presented in Figure 2.

Overall, these studies support the hypothesis that SARS-CoV-2 is neuroinvasive and
that invasion into the CNS occurs, and that these observations are most consistent with
hematogenous spread given the simultaneous appearance of SARS-CoV-2 RNA in anatomi-
cally distinct and distant brain regions. In contrast, trans-neuronal viral spread into the
CNS would be supported by detection of SARS-CoV-2 RNA in contiguous and anatomically
connected brain regions over time. Thus, although SARS-CoV-2 is neuroinvasive in some
severely ill patients during acute infection, there is little, if any, evidence for a functional
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SARS-CoV-2 reservoir within the CNS after resolution of the acute infection. Therefore,
the genesis of NC-PASC symptoms likely depends on secondary effects of acute infection.

Figure 2. Summary of detection of SARS-CoV-2 in several autopsied tissues, including brain and
nasopharynx (adapted from Stein et al. with permission [40]). SARS-CoV-2 RNA sequences were
detected by qRT-PCR in autopsied tissues derived from SARS-CoV-2-infected decedents (n = 44) over
a time range of 4–230 days. RNA levels are expressed as the log SARS-CoV-2 RNA copies/ng of total
RNA vs. duration of infection at time of patient death. Isolation of replicating SARS-CoV-2 from the
thalamus (day 13, arrow) was successful through co-culturing of the tissue in vitro with a susceptible
Vero cell line. Several other non-brain tissues (respiratory tract, heart, lymph nodes, gastrointestinal
tract, adrenal gland, and eye) also yielded SARS-CoV-2 replicating virus by co-culture during early
infection (<14 days, not depicted in figure). Low levels of SARS-CoV-2 RNA was detected at day
230 in cervical spinal cord, left lung and thalamus, but not in nasopharynx, optic nerve, brainstem,
or dura mater. Adapted with permission from D. Chertow [40].

There is some evidence to suggest that NC-PASC could arise from microcirculatory
damage and/or immune system dysfunction, primarily by means of hypoxia, cerebrovas-
cular disease, and cytokine-mediated neuroinflammation [15]. In the remaining sections,
we will discuss the pathways by which individual neurological sequelae may arise from
these broad mechanisms. Although other mechanisms adjacent to COVID-19 hospitaliza-
tion such as medication effects and post-intensive care syndrome have been implicated
in sequelae development [53], we will focus here on the two main pathways that are the
most substantiated and central to the neuropathogenesis of post-acute COVID-19. Note
that there is likely not a single pathway that explains all NC-PASC in every individual.
A particular clinical phenotype may reflect components of each theorized mechanism
working in combination; furthermore, the same observed phenotype may be driven by
different mechanisms in different individuals.

3.2. Hypoxia-Associated NC-PASC

Many acutely ill COVID-19 patients present with some degree of hypoxia, even if
they do not appear to be under respiratory stress [54]. Autopsy studies have shown
acute hypoxic injury in the cerebrum and cerebellum with accompanying neuron loss in
patients who died from complications from severe acute COVID-19 infection [41,55]. Also,
acute hypoxia due to cardiac arrest and acute respiratory distress syndrome is associated
with cognitive deficits which last long after recovery [56,57]. Cognitive impairment could
theoretically arise from acute hypoxia experienced as a secondary effect of COVID-19-
induced pneumonia.

A cross-sectional study of COVID-19 patients conducted by Dondaine et al. observed
that those people who received oxygen therapy to manage pneumonia also had more
severe memory impairment, attentional disorders, and psychomotor slowing months after
initial recovery than people who did not require supplemental oxygen therapy for their
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acute COVID-19 infection [58]. Importantly, the authors noted no differences in fatigue,
anxiety, or depression scores between the two groups, suggesting that hypoxia has no effect
on these outcomes.

Endothelial damage resulting from hypoxia can contribute to cell death and cytokine
signaling, upregulating an inflammatory response which potentially underlies the cognitive
impairment reported by some patients [59]. However, studies of acute lung injury in
porcine models have suggested that hypoxemia and an overactive inflammatory response
contribute independently to brain damage [60,61]; they are thus distinct pathways of
sequelae development. Hypoxemia may interact with systemic hypotension in a way that
exacerbates brain injury and increases mortality in COVID-19 patients, but the details of
this mechanism remain unclear [62–64]. Another proposed mechanism identifies hypoxia
as a driver of viral replication and mitochondrial dysfunction, eventually driving NC-PASC
by means of incorporation of the SARS-CoV-2 genome into the mitochondrial matrix [65,66].
Targeted research into the mechanisms of neurological damage as caused by COVID-19-
mediated hypoxia is needed to substantiate these claims.

Cerebral Microbleeds

Cerebral microbleeds are small hemorrhages in the brain associated with structurally
abnormal vasculature [67]. They are associated with increased mortality, increased illness
severity, and poor functional outcomes following acute COVID-19 infection [68]. A study
of 481 patients who received MRI scans on request places the prevalence of microbleeds
in patients with COVID-19 at about 5% [69]. MRI imaging suggests that severely infected
COVID-19 patients exhibit unusual patterns of microbleeds mainly affecting the corpus
callosum [70,71]. Microbleeds with associated endotheliitis have also been observed in
histopathological studies within the brainstem, cerebellum, neocortex, and gray and white
matter in patients who died 5–15 days after admission to the hospital from complications
of severe COVID-19 infection [72].

Although an association between COVID-19 and the development of cerebral microb-
leeds has been established, the underlying pathogenic mechanism is still under investi-
gation. A retrospective case series conducted by Dixon et al. suggests that microbleed
patterns in COVID-19 patients are similar to those seen in critically-ill non-COVID-19
patients and in patients with severe hypoxia from other causes [73]. Thus, the question re-
mains as to whether microbleeds are a result of COVID-19-mediated endotheliitis [72] or are
a generic feature of severe illness or hypoxia. Finally, the connection between microbleeds,
other prominent NC-PASC such as cognitive impairments (“brain fog”), and COVID-
19-associated coagulopathies should be considered [74]. One theory potentially linking
microbleeds and cognitive dysfunction involves ferroptosis, an iron-mediated mechanism
of cell death which may accelerate brain aging [75]. However, the low rate of observed
microbleeds is not consistent with the prevalence of NC-PASC and therefore cerebral
microbleeds cannot be the only mechanism leading to long-term neurological sequelae.

3.3. Immune-Associated NC-PASC

Chronic systemic inflammation as caused by a dysregulated immune system has
been proposed as a pathway for the development and persistence of NC-PASC. Acutely,
COVID-19 can cause severe inflammation via “cytokine storm” [76,77] and subsequent
pyroptosis of immune cells including monocytes [78]. While this process is typically time-
limited, persistent low-grade inflammation (LGI) has been hypothesized to drive NC-PASC
through the continuous release of damage-associated molecular patterns (DAMPs) by
tissues and cells damaged by COVID-19 [79]. LGI can lead to the dysregulation of brain
microglia, resulting in heightened neuroinflammation and increased cytokine release [79].
The blood brain barrier (BBB), an important protective and supportive structure of the
brain, is sensitive to an ongoing immune response [54]. In particular, BBB disruption has
been linked with a number of long-term neuropathologies such as dementia and multiple
sclerosis, and it has been speculated that SARS-CoV-2 infection could exacerbate these
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pathologies [57,80]. However, the mechanisms linking LGI with neurodysfunction and
neurodegeneration remain unclear.

Lymphopenia in acute COVID-19 infection has been associated with disease severity
and poor outcomes [81–83]. Patients presenting with lymphopenia show significant de-
creases in CD4+ and CD8+ T cells as well as in B cell counts; the former however is more
closely related to a poor prognosis [84]. Jing et al. find that CD19, a crucial regulator of
receptor signaling, is significantly reduced in the B cells of recovered patients [85]. While
immunodeficiency has been linked with a variety of neurological deficits [86], the long-
term effects of COVID-19-mediated lymphopenia on the brain have yet to be investigated
in detail.

Several reports also suggest late complications can develop by means of autoimmune
pathways. Two potential mechanisms include SARS-CoV-2 as a direct trigger of autoim-
mune events (potentially via molecular mimicry) or as an indirect trigger via systemic
inflammation and immune dysregulation [87,88]. A study by Song et al. demonstrated CNS-
specific T and B cell activation responses in cells isolated from the CSF of individuals with
neurological symptoms in acute COVID-19 infection (days 2–43) [89]. Furthermore, CSF-
derived immunoglobulin G (IgG) from 5 of 7 patients in the study showed reactivity against
neurons. This study suggests that autoimmune responses (cellular and humoral) within the
CNS compartment may contribute to the development of NC-PASC. Another autoimmune
condition associated with the neurological system in COVID-19 patients is Guillain-Barré
syndrome (a peripheral nerve demyelinating disease), although this is extremely rare in
COVID-19 patients [90]. Other autoimmune driven diseases outside of the neurological
system have been described, such as immune thrombocytopenic purpura, autoimmune
hemolytic anemia, and Kawasaki disease [90]. Similar to the cerebral microvascular theory
of NC-PASC, the frequency of objective findings consistent with autoimmunity is much
lower than the frequency of NC-PASC. Further investigation is required to elucidate how
immune dysregulation may lead to (and gauge the risk for) the development of NC-PASC,
particularly in those with preexisting autoimmune conditions [88].

4. Comparison to Other “Long-Haul” Viral Diseases

Viruses other than SARS-CoV-2 are also known to trigger the development of post-viral
syndromes. For instance, myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)
is a complex, multi-systemic, chronic condition characterized by profound neurological
and immunological dysfunction following acute viral infection [91–93]. The etiology of
ME/CFS remains unknown, but overlapping symptomatology with NC-PASC such as
post-exertional malaise could potentially point to shared pathogenic mechanisms [93].
Thus, synthesizing information across multiple viral diseases may provide insight into
the mechanisms of NC-PASC development and uncover new avenues for research. Here,
we briefly review other viruses implicated in “long-haul” conditions and draw compar-
isons between methods of infection and neurological symptomatology. The information
discussed is organized and presented in Table 1.

4.1. SARS-CoV-1

The SARS-CoV-1 virus operates analogously to SARS-CoV-2 in that they both target
and bind to the mammalian ACE2 receptor using spike proteins [94]. SARS-CoV-1 infiltrates
the epithelia of the respiratory tract via this mechanism and chiefly causes flu-like symp-
toms such as fever, chills, and cough [95]. The literature has suggested a common course
for post-acute COVID-19 and SARS and thus a hypothetical shared post-coronavirus symp-
tomatology. As noted by Patcai, a subset of SARS patients at their hospital developed “long
SARS,” a non-specific, ill-defined condition bearing many similarities to PASC [96]. Neuro-
logical complications are rarely observed during follow-ups of SARS patients, but cases of
musculoskeletal disorders and peripheral neuropathy have been described [97,98]. Further-
more, Guillain-Barré syndrome and ischemic stroke were also observed in a small number
of patients following SARS-CoV-1 infection, echoing the earlier discussion of NC-PASC
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pathophysiology [94]. Overall, the scant reports of SARS-CoV-1-associated neurological
sequelae contrast strikingly with the high proportion of COVID-19 patients who go on to
experience NC-PASC [14].

Table 1. Overview of viruses associated with “long-haul” neurological symptoms. Primary infection
targets and major neurological sequelae are listed.

Virus Name(s) Family Primary Targets Major Neurological Sequelae

SARS-CoV-2 Coronaviridae Ciliated and alveolar type II cells in
airway and alveolar regions [99,100]

Headache, inattention [2,10], cognitive
impairment [15], memory impairment,
peripheral nerve disorders (including
Guillain-Barré syndrome), movement

disorders, stroke [16],
numbness/tingling, dysgeusia, anosmia,

dizziness, blurry vision,
and tinnitus [17]

SARS-CoV-1 Coronaviridae Respiratory tract epithelial cells [95]

Cognitive impairment, sleep
disturbance [96], neuromusculoskeletal

disorders [97], peripheral
neuropathy [98], Guillain-Barré

syndrome, and stroke [94]

HSV-1, HSV-2, VZV Herpesvirinae Epithelial cells, sensory ganglia during
latency [101]

Herpes labialis (cold sores), herpes
zoster (shingles), and encephalitis [102]

EBV Herpesvirinae B cells, nasopharyngeal epithelial cells,
and CNS neuronal cells [103]

Combative behavior, seizures,
headache [104], “Alice in Wonderland”

syndrome, facial nerve palsy,
progressive microcephaly,

and encephalitic illness [105,106]

CMV Herpesvirinae
Epithelial cells, endothelial cells,

fibroblasts, smooth muscle cells [107],
and CNS resident cells [108]

Sensorineural hearing loss, deficits in
language function, [109] and learning

disability [110]

WNV, JEV, TBEV,
ZIKV Flaviviridae Dendritic cells and CNS cells [47,111]

Memory impairment, behavioral
changes, speech disability, movement

disorders, and seizures [47]

CHIKV Togaviridae Broad organ and cell tropism [112],
stromal CNS cells [113]

Cognitive disturbance [47] and delayed
cognitive development [114]

HIV-1 Retroviridae
CD4+ immune cells [115], CNS
macrophages, microglia, and T

lymphocytes [116]

Dementia, sensory neuropathies,
and encephalitis [115,116]

4.2. Neuronotropic Viruses

Other viruses contribute to long-term symptoms by directly infecting neurons (neu-
ronotropic viruses) and causing cellular damage. Although SARS-CoV-2 is likely not neu-
ronotropic (not capable of infecting neurons in vivo), understanding the post-acute course of
neuronotropic viruses could help guide diagnoses and better elucidate the relationship be-
tween neuronal dysfunction (NC-PASC) and direct neuronal infection. Alpha-herpesviruses
such as varicella-zoster virus (VZV), herpes simplex virus 1 (HSV-1), and herpes simplex
virus 2 (HSV-2) can establish latent neuronal infection in sensory ganglia following primary
infection and cause neurological symptoms upon reactivation [101,117]. HSV reactivation is
associated with cold sores and rarely encephalitis whereas VZV reactivation causes herpes
zoster, a painful vesicular skin rash [102]. Epstein-Barr virus (EBV) can disrupt and cross
the BBB, replicate within the CNS, and cause neuroinflammation [103]. EBV-associated
BBB injury and neuronal damage can lead to neurocognitive impairment, which may be
long-lasting. This may occur in cases of EBV-associated multiple sclerosis, encephalitis,
meningitis, and encephalomyelitis [103]. The beta-herpesvirus cytomegalovirus (CMV)
infects CNS resident cells, including neurons, astrocytes, and endothelial cells, which can
result in a latent or active replication state of infection [108]. Congenital CMV infection
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causes progressive sensorineural hearing loss in 13–15% of affected newborns [110] and
some deficits in language function later in life [109].

Although CNS infections caused by arboviruses (arthropod-borne viruses) are gen-
erally associated with acute CNS symptoms, some infections are also associated with
long-term neurocognitive sequelae [47]. Among these viruses that are only recently being
appreciated for such sequelae are West Nile virus (WNV), Japanese encephalitis virus (JEV),
tick-borne encephalitis virus (TBEV), and Zika virus (ZIKV). Mechanisms of persistent
cognitive impairment may include not only direct neuronal infection and injury and im-
pairment of neuronal development (including adult neurogenesis), but also indirect effects
mediated by the release of toxic or inflammatory factors by infected glia or immune cells.
Virus-induced modification of host defensive response mRNAs is well-described [118],
and one may speculate about host mRNA modifications within the CNS having an impact
on cognitive functioning [47], although no such data have been published. Zika virus infec-
tion can lead to profound neurological complications including Guillain-Barré syndrome
and inflammation of the brain and spinal cord [119]. In summary, neuronotropic viruses
such as herpesviruses and certain arboviruses can cause long-term neurological symp-
toms similar to that seen in patients experiencing NC-PASC, possibly hinting at certain
pathophysiological commonalities involving inflammation, BBB integrity, and peripheral
sensory deficits.

4.3. Non-Neuronotropic Viruses

NC-PASC development may in part be driven by the secondary dysregulation of the
immune system and response. However, other non-neuronotropic viruses more directly
target immune system components, leading to lasting neurological effects. HIV-1 is a neu-
roinvasive/neurotropic retrovirus that infects CD4 positive immune cells (but not neurons),
ultimately leading to systemic immune deficiency when left untreated [115]. Persistent
immune activation in later stages of infection can cause chronic inflammation of the CNS
and PNS, leading to neurological sequelae such as dementia and sensory neuropathies [115].
HIV-1 establishes a persistent infection within macrophages and microglia in the CNS [116].
Untreated HIV infection is associated with a 20% risk for development of HIV encephali-
tis and associated dementia, which results from neurodegeneration induced by active
HIV replication within the brain and indirect mechanisms of neuronal cell injury [120].
In people living with HIV (PWH) who are on suppressive antiretroviral therapy (ART),
replication in the brain and other body compartments is “suppressed” to undetectable
levels. Nonetheless, the persistence of replication-competent HIV within brain cellular
reservoirs is associated with a risk for worsening cognitive functioning (albeit not dementia)
as the patient ages [120]. Acquired immunodeficiency syndrome (AIDS) may increase the
likelihood of opportunistic infection with other viruses such as cytomegalovirus, leading
to the compounding of neurological symptoms as discussed in the previous section [121].

EBV primarily infects B lymphocytes, but it can also infect nasopharyngeal epithelial
cells and neurons [103]. Following the acute period, it can maintain a latent infection
in long-lived memory B cells [122]. In addition to lymphoproliferative disorders upon
reactivation, a case series of 10 pediatric patients also implicates EBV reactivation in the
development of neurological complications such as “Alice in Wonderland” syndrome,
facial nerve palsy, progressive microcephaly, and encephalitic illness [105,106].

Some non-neuronotropic viruses primarily target non-immune cellular components.
For instance, chikungunya virus (CHIKV), a non-neuronotropic mosquito-borne virus, can
infect a wide range of different cells and tissue types including stromal CNS cells [112,113].
CHIKV infection is associated with cognitive disturbance and delayed cognitive devel-
opment in infants under six months old, echoing reports of “brain fog” in patients with
NC-PASC [47,114]. Understanding how non-neuronotropic viruses interact with both
the host immune system and supportive tissues could inform treatment options for im-
munocompromised patients with NC-PASC and elucidate general pathways for NC-PASC
development.
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5. Future Directions

Research efforts are a crucial part of improving how the neurological sequelae of
COVID-19 infection are managed. Here, we identify broad gaps in knowledge as suggested
by previous work in the field and discuss the current state of research with regards to
treating NC-PASC.

5.1. Knowledge Gaps and Research Avenues

Additional experimentation is required to substantiate the proposed pathways of NC-
PASC development and answer outstanding questions. First, the specific mechanisms that
link acute hypoxia from COVID-19-associated pneumonia to NC-PASC, such as cognitive
deficits, remains unclear. Rahman et al. suggest that a direct effect of the virus on the
nervous system (among other systems including the HIF-1 pathway) may play a role in the
development of a persistent “silent hypoxia” that can lead to severe tissue damage [59].
Neuroimaging studies involving COVID-19 patients may allow for the identification of
specific regions damaged by hypoxia that correlate with NC-PASC [58,123]. The role
of hypoxia and compromised mitochondrial function in neurons in the development of
chronic brain fog is also worth exploration [65,66]. A more thorough understanding of mito-
chondrial disruption in COVID-19 on the genomic level could inspire mitochondria-based
therapeutics for the management of hypoxia-related NC-PASC. Finally, many questions
remain surrounding the temporal evolution of COVID-19 associated microbleeds and how
abnormal vascular events mechanistically result in NC-PASC [72]; longitudinal imaging
studies could shed light on the neurological effects and evolution of cerebral microbleeds.

Dysregulation of the immune system is a central feature of poor outcomes of COVID-
19 infection. Future studies could further investigate the effect of the virus on BBB integrity
and characterize how a pro-inflammatory state disrupts this barrier on the cellular level [80].
Certain cytokines such as interleukin 1 beta have been observed to damage the hippocam-
pus and impede learning and recall in mouse models with septic encephalopathy, suggest-
ing a still unclear role of the “cytokine storm” in brain damage and the development of
lasting neurological symptoms [57,124]. Studies could also aim to untangle the relationship
between metabolic disruptions and chronic B cell lymphopenia and to determine which
factor is more important in NC-PASC development [85]. Finally, more work is needed to
elucidate how SARS-CoV-2 can trigger autoimmune responses and how these aberrant
responses can lead to long-term neuropathology including Guillain-Barré syndrome [88].
Quantifying the extent to which COVID-19 contributes to the many pathways discussed
above and determining how activation of these pathways causes clinical symptoms are the
largest hurdles for better understanding the pathophysiology of NC-PASC.

Methodological Recommendations

Heterogeneity in studies of NC-PASC can impede meta-analyses and may present
as differences in methods of symptom assessment and data collection [15]. To improve
data quality, screening tools used for assessing NC-PASC should include more sensitive
tests such as the Screen for Cognitive Impairment for Psychiatry (SCIP) and the THINC-
integrated tool (THINC-it) [15]. Collaboration and the pooling of patient data across
institutions could also increase the power of statistical analyses and allow for more general-
izable results.

As the long-term effects of COVID-19 infection become increasingly prevalent in the
coming years, longitudinal prospective studies could be key to furthering our understand-
ing of NC-PASC. Such studies could follow cohorts of patients and note exposures that may
increase the risk of developing certain NC-PASC such as fatigue or cognitive impairment.
Neuroimaging studies could also be leveraged to identify significant relationships between
structural damage to brain tissue and vasculature and chronic symptomatology.

Finally, there are no criteria for the diagnosis of NC-PASC excepting a proposed
rubric by Moghimi et al. [10]. This is due in part to the lack of consensus as to the time
at which ongoing symptoms can be considered PASC, contention over the proper scope
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of “neurological” issues, and uncertainty as to whether certain PASC are neurological
in origin. As novel treatments for PASC emerge, treatment timelines and therapeutic
targets could inform a definition which best integrates with clinical practice and promotes
good outcomes. A standard definition for NC-PASC could also streamline research efforts,
ultimately resulting in more focused analyses and useful results.

5.2. Treatment Approaches

At present, no drug has been shown to specifically and effectively reduce symptoms
of PASC, including neurological complications [8,53,125]. Thus, formulating management
strategies for managing NC-PASC necessitate a holistic yet pragmatic perspective [126].
For instance, one treatment regimen could include psychological elements such as cog-
nitive therapy [10] that work alongside ad hoc medication and targeted neurorehabilita-
tion [53]. Further research is needed to determine whether treatments for ME/CFS such
as antioxidant therapies are also effective for fatigue symptoms in long-haul COVID-19
patients [127,128].

Hyperbaric oxygen therapy (HBOT) has been reported to improve multiple neuro-
logical symptoms including fatigue, executive dysfunction, and inattention in patients
experiencing NC-PASC [129]. A randomized controlled trial conducted by Zilberman-
Itskovich et al. shows significant improvements in cerebral blood flow and microstructural
changes in 37 NC-PASC patients who received HBOT [130]. Further, these changes were
coupled with improvements in executive function, attention, fatigue (all associated with
increased perfusion in Brodmann Areas 6, 8, 10), psychiatric symptoms (microstructure
changes in the superior corona radiata area), and diffuse muscle and joint pain (increased
perfusion in the insula, hippocampus, putamen, prefrontal cortex, and cingulate cor-
tex) [130]. Despite these promising results, the generalizability of HBOT as a treatment for
NC-PASC may be an issue owing to the relatively small size of these experimental studies.
The development of novel therapeutics for post-acute symptoms will become increasingly
important as the social and economic burdens of NC-PASC continue to compound.

NC-PASC may be prevented altogether by the proper management of acute COVID-19
infection. Adhering to current standards of care in patients with severe COVID-19 infec-
tion and resultant acute respiratory distress syndrome (ARDS) is important for reducing
neurological damage that could have long-lasting effects [131]. Furthermore, mathematical
models demonstrate the efficacy of vaccination as prophylactic treatment for COVID-19;
promoting equitable access to the vaccine worldwide could reduce the overall incidence of
COVID-19 and by extension NC-PASC [132].

Sphingosine has been shown to prevent the interaction of the SARS-CoV-2 spike
protein with ACE2 [133], and thus sphingosine signaling pathways may be disrupted
in COVID-19 patients. Given this, targeting the SphK-S1P-SIPR pathway could hold
promise as an adjunctive therapy in patients with acute COVID-19. However, to the
authors’ knowledge, there is no evidence that S1P receptor modulators are effective for the
treatment of COVID-19. A case series of patients treated with fingolimod or siponimod
(S1P receptor modulators) found that the risk of severe COVID-19 infection for the general
population and those receiving S1P receptor modulators was similar [134]. Further, there
are no data to support or refute the claim that S1P receptor modulators are effective in the
prophylaxis of NC-PASC, although it has been speculated that the neuroprotective and
neuroregulatory properties of S1P are disrupted in COVID-19 infection, which could be
a driver of long-term sequelae [135]. Further research into the role of the SphK-S1P-SIPR
pathway during infection is warranted.

As of 25 January 2023, clinical trials related to NC-PASC include observational studies
aimed at characterizing the natural history of neurological sequelae [136,137] and a host of
therapeutic trials exploring treatments such as immunotherapy [138,139] and nerve and
tissue electrostimulation [140–142]. Overall, the trials included in this initial search on
clinicaltrials.gov appear heterogeneous in design and intervention and thus show promise
for tackling NC-PASC management from a number of different angles. Although studies
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aimed at characterizing the broad spectrum of involvements and neurological manifesta-
tions associated with NC-PASC are foundational, there is a clear and emerging need for
trials of novel treatments as the burden of NC-PASC in the global population continues
to increase.

6. Conclusions

The management of the neurological complications of post-acute sequelae of COVID-
19 infection continues to be a concern in clinics worldwide. Post-mortem studies of brain
tissue and observational studies identify pathways associated with hypoxia and dysregu-
lation of the immune system as the main drivers of NC-PASC. However, due to a lack of
experimental controls, the precise cellular mechanisms underlying these pathways remain
unclear. Future research should focus on elucidating these mechanisms and leveraging this
knowledge to advance novel therapeutics.
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108. Krstanović, F.; Britt, W.J.; Jonjić, S.; Brizić, I. Cytomegalovirus Infection and Inflammation in Developing Brain. Viruses 2021,
13, 1078. [CrossRef]

109. Turriziani Colonna, A.; Buonsenso, D.; Pata, D.; Salerno, G.; Chieffo, D.P.R.; Romeo, D.M.; Faccia, V.; Conti, G.; Molle, F.;
Baldascino, A.; et al. Long-Term Clinical, Audiological, Visual, Neurocognitive and Behavioral Outcome in Children With
Symptomatic and Asymptomatic Congenital Cytomegalovirus Infection Treated With Valganciclovir. Front. Med. 2020, 7, 268.
[CrossRef] [PubMed]

110. Brown, H.L.; Abernathy, M.P. Cytomegalovirus infection. Semin. Perinatol. 1998, 22, 260–266. [CrossRef]
111. Laureti, M.; Narayanan, D.; Rodriguez-Andres, J.; Fazakerley, J.K.; Kedzierski, L. Flavivirus Receptors: Diversity, Identity, and

Cell Entry. Front. Immunol. 2018, 9, 2180. [CrossRef]
112. Matusali, G.; Colavita, F.; Bordi, L.; Lalle, E.; Ippolito, G.; Capobianchi, M.R.; Castilletti, C. Tropism of the Chikungunya Virus.

Viruses 2019, 11, 175. [CrossRef]
113. Schwartz, O.; Albert, M.L. Biology and pathogenesis of chikungunya virus. Nat. Rev. Microbiol. 2010, 8, 491–500. [CrossRef]
114. van Ewijk, R.; Huibers, M.H.W.; Manshande, M.E.; Ecury-Goossen, G.M.; Duits, A.J.; Calis, J.C.; van Wassenaer-Leemhuis,

A.G. Neurologic sequelae of severe chikungunya infection in the first 6 months of life: A prospective cohort study 24-months
post-infection. BMC Infect. Dis. 2021, 21, 179. [CrossRef]

115. McArthur, J.C.; Brew, B.J.; Nath, A. Neurological complications of HIV infection. Lancet Neurol. 2005, 4, 543–555. [CrossRef]
116. Ghorpade, A.; Nukuna, A.; Che, M.; Haggerty, S.; Persidsky, Y.; Carter, E.; Carhart, L.; Shafer, L.; Gendelman, H.E. Human

Immunodeficiency Virus Neurotropism: An Analysis of Viral Replication and Cytopathicity for Divergent Strains in Monocytes
and Microglia. J. Virol. 1998, 72, 3340–3350. [CrossRef]

117. Nagel, M.A.; Gilden, D. Neurological Complications of VZV Reactivation. Curr. Opin. Neurol. 2014, 27, 356–360. [CrossRef]
118. Gokhale, N.S.; McIntyre, A.B.R.; Mattocks, M.D.; Holley, C.L.; Lazear, H.M.; Mason, C.E.; Horner, S.M. Altered m6A Modification

of Specific Cellular Transcripts Affects Flaviviridae Infection. Mol. Cell 2020, 77, 542–555.e8. [CrossRef]
119. Figueiredo, C.P.; Barros-Aragão, F.G.Q.; Neris, R.L.S.; Frost, P.S.; Soares, C.; Souza, I.N.O.; Zeidler, J.D.; Zamberlan, D.C.; de Sousa,

V.L.; Souza, A.S.; et al. Zika virus replicates in adult human brain tissue and impairs synapses and memory in mice. Nat. Commun.
2019, 10, 3890. [CrossRef]

120. Saylor, D. Neurologic Complications of Human Immunodeficiency Virus Infection. Contin. (Minneap Minn) 2018, 24, 1397–1421.
[CrossRef]

121. McCutchan, J.A. Cytomegalovirus Infections of the Nervous System in Patients with AIDS. Clin. Infect. Dis. 1995, 20, 747–754.
[CrossRef]

http://dx.doi.org/10.3390/diagnostics9030091
http://dx.doi.org/10.1001/jamaneurol.2020.2065
http://www.ncbi.nlm.nih.gov/pubmed/32469387
http://dx.doi.org/10.2353/ajpath.2007.061088
http://dx.doi.org/10.1093/oxfimm/iqac002
http://dx.doi.org/10.1212/01.WNL.0000099171.26943.D0
http://www.ncbi.nlm.nih.gov/pubmed/14694063
http://dx.doi.org/10.1038/s41421-021-00249-2
http://dx.doi.org/10.1183/13993003.00607-2020
http://dx.doi.org/10.1099/vir.0.000128
http://dx.doi.org/10.3389/fmolb.2021.816098
http://dx.doi.org/10.1097/00006454-199610000-00008
http://dx.doi.org/10.1016/B978-0-444-53488-0.00013-4
http://dx.doi.org/10.1002/jmv.10201
http://dx.doi.org/10.1007/978-3-540-77349-8_4
http://dx.doi.org/10.3390/v13061078
http://dx.doi.org/10.3389/fmed.2020.00268
http://www.ncbi.nlm.nih.gov/pubmed/32793607
http://dx.doi.org/10.1016/S0146-0005(98)80014-1
http://dx.doi.org/10.3389/fimmu.2018.02180
http://dx.doi.org/10.3390/v11020175
http://dx.doi.org/10.1038/nrmicro2368
http://dx.doi.org/10.1186/s12879-021-05876-4
http://dx.doi.org/10.1016/S1474-4422(05)70165-4
http://dx.doi.org/10.1128/JVI.72.4.3340-3350.1998
http://dx.doi.org/10.1097/WCO.0000000000000092
http://dx.doi.org/10.1016/j.molcel.2019.11.007
http://dx.doi.org/10.1038/s41467-019-11866-7
http://dx.doi.org/10.1212/CON.0000000000000647
http://dx.doi.org/10.1093/clinids/20.4.747


Biomedicines 2023, 11, 377 17 of 17

122. Chen, M.R. Epstein–Barr Virus, the Immune System, and Associated Diseases. Front. Microbiol. 2011, 2, 5. [CrossRef]
123. Douaud, G.; Lee, S.; Alfaro-Almagro, F.; Arthofer, C.; Wang, C.; McCarthy, P.; Lange, F.; Andersson, J.L.R.; Griffanti, L.; Duff, E.;

et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature 2022, 604, 697–707. [CrossRef]
124. Lo Presti, E.; Nuzzo, D.; Al Mahmeed, W.; Al-Rasadi, K.; Al-Alawi, K.; Banach, M.; Banerjee, Y.; Ceriello, A.; Cesur, M.; Cosentino,

F.; et al. Molecular and pro-inflammatory aspects of COVID-19: The impact on cardiometabolic health. Biochim. Et Biophys. Acta
Mol. Basis Dis. 2022, 1868, 166559. [CrossRef]

125. Jarrott, B.; Head, R.; Pringle, K.G.; Lumbers, E.R.; Martin, J.H. “LONG COVID”—A hypothesis for understanding the biological
basis and pharmacological treatment strategy. Pharmacol. Res. Perspect. 2022, 10, e00911. [CrossRef]

126. Stefanou, M.I.; Palaiodimou, L.; Bakola, E.; Smyrnis, N.; Papadopoulou, M.; Paraskevas, G.P.; Rizos, E.; Boutati, E.; Grigoriadis,
N.; Krogias, C.; et al. Neurological manifestations of long-COVID syndrome: A narrative review. Ther. Adv. Chronic Dis. 2022,
13, 20406223221076890. [CrossRef]

127. Wong, T.L.; Weitzer, D.J. Long COVID and Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)—A Systemic
Review and Comparison of Clinical Presentation and Symptomatology. Medicina 2021, 57, 418. [CrossRef] [PubMed]

128. Wood, E.; Hall, K.H.; Tate, W. Role of mitochondria, oxidative stress and the response to antioxidants in myalgic encephalomyeli-
tis/chronic fatigue syndrome: A possible approach to SARS-CoV-2 ‘long-haulers’? Chronic Dis. Transl. Med. 2021, 7, 14–26.
[CrossRef] [PubMed]

129. Robbins, T.; Gonevski, M.; Clark, C.; Baitule, S.; Sharma, K.; Magar, A.; Patel, K.; Sankar, S.; Kyrou, I.; Ali, A.; et al. Hyperbaric
oxygen therapy for the treatment of long COVID: Early evaluation of a highly promising intervention. Clin. Med. 2021,
21, e629–e632. [CrossRef] [PubMed]

130. Zilberman-Itskovich, S.; Catalogna, M.; Sasson, E.; Elman-Shina, K.; Hadanny, A.; Lang, E.; Finci, S.; Polak, N.; Fishlev, G.; Korin,
C.; et al. Hyperbaric oxygen therapy improves neurocognitive functions and symptoms of post-COVID condition: Randomized
controlled trial. Sci. Rep. 2022, 12, 11252. [CrossRef]

131. Marini, J.J.; Gattinoni, L. Management of COVID-19 Respiratory Distress. JAMA 2020, 323, 2329–2330. [CrossRef] [PubMed]
132. Watson, O.J.; Barnsley, G.; Toor, J.; Hogan, A.B.; Winskill, P.; Ghani, A.C. Global impact of the first year of COVID-19 vaccination:

A mathematical modelling study. Lancet Infect. Dis. 2022, 22, 1293–1302. [CrossRef] [PubMed]
133. Edwards, M.J.; Becker, K.A.; Gripp, B.; Hoffmann, M.; Keitsch, S.; Wilker, B.; Soddemann, M.; Gulbins, A.; Carpinteiro, E.; Patel,

S.H.; et al. Sphingosine prevents binding of SARS–CoV-2 spike to its cellular receptor ACE2. J. Biol. Chem. 2020, 295, 15174–15182.
[CrossRef] [PubMed]

134. Sullivan, R.; Kilaru, A.; Hemmer, B.; Cree, B.A.C.; Greenberg, B.M.; Kundu, U.; Hach, T.; DeLasHeras, V.; Ward, B.J.; Berger, J.
COVID-19 Infection in Fingolimod- or Siponimod-Treated Patients: Case Series. Neurol. Neuroinflammation 2022, 9 .

135. Meacci, E.; Garcia-Gil, M.; Pierucci, F. SARS-CoV-2 Infection: A Role for S1P/S1P Receptor Signaling in the Nervous System? Int.
J. Mol. Sci. 2020, 21, 6773. [CrossRef]

136. Dachy, B. Long-term Effects of SARS-CoV-2 on the Central Nervous System and One-Year Follow-up of “Long COVID-19”
Patients. Clinical Trial Registration NCT05492292, clinicaltrials.gov. 2022. Available online: https://clinicaltrials.gov/ct2/show/
NCT05492292 (accessed on 15 December 2022).

137. Medical University Innsbruck. Long-term Neurological Outcome After SARS-CoV-2 Infection. Clinical Trial Registration
NCT05025839, clinicaltrials.gov. 2021. Available online: https://clinicaltrials.gov/ct2/show/NCT05025839 (accessed on 15
December 2022).

138. GeNeuro SA. Temelimab as a Disease Modifying Therapy in Patients With Neurological, Neuropsychological, and Psychiatric
(=Neuropsychiatric) Symptoms in Post-COVID 19 or Postacute Sequelae of COVID-19 (PASC) Syndrome. Clinical Trial
Registration NCT05497089, clinicaltrials.gov. 2022. Available online: https://clinicaltrials.gov/ct2/show/NCT05497089
(accessed on 15 December 2022).

139. National Institute of Neurological Disorders and Stroke (NINDS). Immunotherapy for Neurological Post-Acute Sequelae of
SARS-CoV-2 (IN-PASC). Clinical Trial Registration NCT05350774, clinicaltrials.gov. 2022. Available online: https://clinicaltrials.
gov/ct2/show/NCT05350774 (accessed on 15 December 2022).

140. Najafi, B. Transcutaneous Electrical Nerve Stimulation for Lower Extremity in Patients with Post Acute Covid-19 Syndrome - A
Proof of Concept Randomized Clinical Trial. Clinical Trial Registration NCT05200858, clinicaltrials.gov. 2022. Available online:
https://clinicaltrials.gov/ct2/show/NCT05200858 (accessed on 15 December 2022).

141. Trapl-Grundschober, M. Register Study: Implementation of Pharyngeal Electrostimulation Therapy for the Treatment of
Acute Neurogenic Dysphagia. Clinical Trial Registration NCT05190718, clinicaltrials.gov. 2021. Available online: https:
//clinicaltrials.gov/ct2/show/NCT05190718 (accessed on 15 December 2022).

142. Zheng, A. Multimodal Investigation of Post COVID-19 in Females: A Pilot Study. Clinical Trial Registration NCT05225220,
clinicaltrials.gov. 2022. Available online: https://clinicaltrials.gov/ct2/show/NCT05225220 (accessed on 15 December 2022).

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

http://dx.doi.org/10.3389/fmicb.2011.00005
http://dx.doi.org/10.1038/s41586-022-04569-5
http://dx.doi.org/10.1016/j.bbadis.2022.166559
http://dx.doi.org/10.1002/prp2.911
http://dx.doi.org/10.1177/20406223221076890
http://dx.doi.org/10.3390/medicina57050418
http://www.ncbi.nlm.nih.gov/pubmed/33925784
http://dx.doi.org/10.1016/j.cdtm.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33251031
http://dx.doi.org/10.7861/clinmed.2021-0462
http://www.ncbi.nlm.nih.gov/pubmed/34862223
http://dx.doi.org/10.1038/s41598-022-15565-0
http://dx.doi.org/10.1001/jama.2020.6825
http://www.ncbi.nlm.nih.gov/pubmed/32329799
http://dx.doi.org/10.1016/S1473-3099(22)00320-6
http://www.ncbi.nlm.nih.gov/pubmed/35753318
http://dx.doi.org/10.1074/jbc.RA120.015249
http://www.ncbi.nlm.nih.gov/pubmed/32917722
http://dx.doi.org/10.3390/ijms21186773
https://clinicaltrials.gov/ct2/show/NCT05492292
https://clinicaltrials.gov/ct2/show/NCT05492292
https://clinicaltrials.gov/ct2/show/NCT05025839
https://clinicaltrials.gov/ct2/show/NCT05497089
https://clinicaltrials.gov/ct2/show/NCT05350774
https://clinicaltrials.gov/ct2/show/NCT05350774
https://clinicaltrials.gov/ct2/show/NCT05200858
https://clinicaltrials.gov/ct2/show/NCT05190718
https://clinicaltrials.gov/ct2/show/NCT05190718
https://clinicaltrials.gov/ct2/show/NCT05225220

	Introduction
	Defining NC-PASC
	Clinical and Cognitive Features
	Risk Factors Associated with the Development of NC-PASC

	Hypothesized Pathophysiology of NC-PASC
	Is SARS-CoV-2 Neurotropic?
	Hypoxia-Associated NC-PASC
	Immune-Associated NC-PASC

	Comparison to Other “Long-Haul” Viral Diseases
	SARS-CoV-1
	Neuronotropic Viruses
	Non-Neuronotropic Viruses

	Future Directions
	Knowledge Gaps and Research Avenues
	Treatment Approaches

	Conclusions
	References

