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Abstract
COVID-19 is a highly infectious viral disease caused by the novel coronavirus SARS-CoV-2. While it was initially regarded as a
strictly respiratory illness, the impact of COVID-19 on multiple organs is increasingly recognized. The brain is among the targets of
COVID-19, and it can be impacted in multiple ways, both directly and indirectly. Direct brain infection by SARS-CoV-2 may occur
via axonal transport via the olfactory nerve, eventually infecting the olfactory cortex and other structures in the temporal lobe, and
potentially the brain stem. A hematogenous route, which involves viral crossing of blood–brain barrier, is also possible. Secondary
mechanisms involve hypoxia due to respiratory failure, as well as aberrant immune response leading to various forms of encepha-
lopathy, white matter damage, and abnormal blood clotting resulting in stroke. Multiple neurological symptoms of COVID-19 have
been described. These involve anosmia/ageusia, headaches, seizures, mental confusion and delirium, and coma. There is a growing
concern that in a number of patients, long-term or perhaps even permanent cognitive impairment will persist well after the recovery
from acute illness. Furthermore, COVID-19 survivors may be at increased risk for developing neurodegenerative diseases years or
decades later. Since COVID-19 is a new disease, it will take months or even years to characterize the exact nature, scope, and
temporal extent of its long-term neurocognitive sequelae. To that end, rigorous and systematic longitudinal follow-upwill be required.
For this effort to succeed, appropriate protocols and patient registries should be developed and put in place without delay now.
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The Current COVID-19 Pandemic

The current COVID-19 pandemic is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Based on
World Health Organization definitions, the disease is named
coronavirus disease—COVID-19; however, the virus causing
the disease is severe acute respiratory syndrome coronavirus
2—SARS-CoV-2. The disease was first identified in Wuhan,
China at the end of 2019, and has rapidly spread throughout
the world resulting in a global pandemic [1]. Based on Johns
Hopkins University Coronavirus Resource Center, as of the
second week of June 2020, 188 countries and regions have
been affected, and more and 7 million people were infected,
with more than 400,000 deaths [2]. Unfortunately, these num-
bers continue to grow.

Our current knowledge of the novel COVID-19 disease is
limited, but new findings are accumulating rapidly. Initially, it
was thought to be strictly an upper respiratory disease (hence
its categorization as a SARS virus); however, as more details
emerge, COVID-19 clearly can have both direct and second-
ary impact on the brain. In this article, we attempt to summa-
rize what has been learned so far about the effect of COVID-
19 on the brain. This knowledge will undoubtedly expand
very rapidly, and new findings and theories will emerge.
Nevertheless, the sheer magnitude of the current impact of this
pandemic justifies surveying the current knowledge in face of
the limitations of an incomplete and rapidly evolving disease
picture. We hope that this review will aid in the future re-
search, diagnosis, and treatment of the neurological aspects
of the COVID-19.

Coronaviruses

Coronaviruses are a group of related viruses found in mam-
mals, including humans and bats, and birds. The name coro-
navirus originated from the visualized findings of spike-like
glycoproteins on the surface membrane of the virus making it
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appear to have a crown (“corona” in Latin) [3]. The disease
that they cause may range from asymptomatic/mild to lethal.
Based on the Center for Disease Control (CDC) [4], seven
strains of coronaviruses affecting humans have been identi-
fied, four of them leading to mostly mild illness, and three
leading to severe, potentially lethal illness. The following
coronaviruses usually lead to mild, cold-like illness in
humans: 229E; NL63; OC43; and HKU1; however, a wide
spectrum of disease presentation, including a severe disease
course, has been known to occur in children [5]. The follow-
ing coronaviruses can lead to severe illness primarily in adult
humans: severe acute respiratory syndrome coronavirus
(SARS-CoV); Middle East respiratory syndrome coronavirus
(MERS-CoV); and severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2).

Cellular Mechanisms of Infection and Their
Implications

The spike glycoproteins serve a crucial role in viral binding to
cellular receptors, more specifically to angiotensin-conversion
enzyme 2 (ACE2). ACE2 is quite ubiquitous in the organism
and serves multiple physiological roles, including blood pres-
sure control and inflammation. SARS-CoV-2 has a high af-
finity to ACE2 receptors which are present in bronchial epi-
thelial cells, endothelial cells, and neurons and on the surface
of cells in multiple organs and anatomical locations, e.g., na-
sal, cavity, lungs, heart, kidneys, and intestines. SARS-CoV-2
attacks the organism by attaching itself to ACE2 via its spike
protein, which allows its RNA to enter the healthy cell per-
mitting the virus to replicate through a complex sequence of
steps [6, 7]. The ubiquity of ACE2 in multiple organs may
account for the multiplicity and heterogeneity of COVID-19
symptoms. Based on animal models, all coronaviruses includ-
ing human (e.g., SARS-CoV) and animal (e.g., bat coronavi-
rus RaTG13) require ACE2 as the cell entry receptor by bind-
ing CoV spike glycoprotein to cell membranes [8]. SARS-
Cov-2 has a particularly strong affinity for ACE2 [9, 10].
ACE2 is also expressed in the nasal cavity epithelia, and it
has been hypothesized that olfactory epithelium is a common
early infection site. According to this hypothesis, SARS-CoV-
2 then enters the brain via the olfactory nerve and olfactory
bulb [11]. It has been also reported that ACE2 is expressed in
multiple brain structures. These include the brainstem, cortex,
striatum, and hypothalamus [12–14]. Furthermore, ACE2 is
expressed both in neurons and in glial cells throughout the
brain, which makes both types of cells potentially vulnerable
to the virus [14]. It has been suggested that ACE2 may influ-
ence GABA (gamma-aminobutyric acid) neurotransmission
in the amygdala and possibly elsewhere in the brain, pointing
to another possible target of the virus [15]. It has also been
hypothesized that since ACE2 and nicotinic receptors co-

express, smokers, and perhaps even former smokers, may be
at increased risk for severe COVID-19 [16]. Since ACE2 is
present in the brain, it is possible that SARS-CoV-2 can attack
multiple structures in the brain directly. A similar virus,
SARS-CoV, is capable of infecting the brain directly, partic-
ularly the brainstem [17]. Other coronaviruses (e.g., SARS,
MERS) also impact the brain and peripheral nervous system
[3, 18–24]. However, since SARS-CoV-2 has a higher ACE2
binding affinity than SARS-COV, it may have a higher po-
tential for attacking the brain directly [8]. It should be noted,
however, that the level of ACE2 expression in the brain is
lower than in other organs, and additional receptors may play
a role in SARS-CoV-2 invasion of the brain [25]. CD147 (also
known as basigin) has been implicated as another receptor to
which the SAR-CoV-2 spike protein is capable of binding,
thus serving as an additional route of brain infection [26].

COVID-19 Symptoms

Initially, COVID-19 was predominantly characterized as a
respiratory illness. The Center for Disease Control (CDC) lists
the following common symptoms: fever, cough, shortness of
breath or difficulty breathing, chills, repeated shaking with
chills, muscle pain, headache, sore throat, and (more recently
added) acute loss of taste or/and smell [27]. The question has
been asked, whether the ageusia and/or anosmia is a primary
neurological symptom or neurological consequence second-
ary to a respiratory illness. At least one case study suggests
that these symptoms have a primary neurological cause [28].
As our understanding of COVID-19 evolved, it has become
increasingly clear that multiple organs are impacted in
COVID-19 directly including the lungs, heart, vascular sys-
tem, digestive system, and brain. Furthermore, as the hetero-
geneity of COVID-19 symptoms has been increasingly recog-
nized, not all of them respiratory, more and more neurological
symptoms have been documented.

Direct Infection Vs. Secondary Effects
of COVID-19 in the Brain

The effect of COVID-19 on the brain may take several forms,
some via direct infection and others via secondary mecha-
nisms, e.g., immune response or respiratory failure-induced
hypoxia. Direct presence of the SARS-CoV-2 in the brain
has been demonstrated through detection of SARS-CoV-2
RNA in the cerebrospinal fluid of infected patients [29]. It
has been suggested that direct invasion of the central nervous
system by the SARS-CoV-2 may occur by at least two routes:
hematogenous and via axonal transport through certain cranial
nerves, e.g., olfactory nerve [28]. The proposed route of axo-
nal transport through cranial nerves consists of the following
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anatomical structures: nasal cavity > olfactory nerve > olfac-
tory bulb > piriform cortex > brainstem, with nasal cavity
being the origin and the brainstem being the terminus [30].
Interestingly, this route of brain infection has been demon-
strated for the OC43 strain of coronavirus [31].

To the extent that SARS-CoV-2 can affect the brainstem, it
has been hypothesized that the respiratory breakdown in
COVID-19 patients may be at least in part caused by SARS-
CoV-2 infecting respiratory centers in the medulla oblongata
and the pons [32]. Similar spread via synapse-connected route
into the brainstem cardiorespiratory centers of the medulla
oblongata has been demonstrated for other coronaviruses, thus
increasing the likelihood of the same for SARS-CoV-2 [17].
This potentially has significant implications for medical man-
agement of respiratory illness [33, 34].

Evidence is mounting that SARS-CoV-2 may directly im-
pact the gray matter of the brain [35]. The brains of deceased
patients showed evidence of edema and partial neuronal de-
generation. The white matter in the brain and the spine may
also be affected by demyelinating lesions in COVID-19 [36].
According to the neuroimaging studies conducted by Turkish
scientists, out of all COVID-19-infected patients in the inten-
sive care unit with neurologic symptoms, 44% (12/27) of pa-
tients had abnormal MRI findings. A cortical FLAIR signal
abnormality was present in 10/27 (37%) patients, whereas
subcortical and deep white matter signal abnormalities on
FLAIR images were present in 3 patients. Abnormal findings
involved the frontal lobe in 4, parietal lobe in 3, occipital lobe
in 4, temporal lobe in 1, insular cortex in 3, and cingulate
gyrus in 3 cases [37]. Regardless of whether the brain is com-
promised via primary or secondary pathway by SARS-CoV-2,
current studies suggest that neurological complications in
COVID-19 are associated with a relatively greater disease
severity and potential mortality [38].

Neurological Manifestations of COVID-19

Multiple studies documented and characterized a variety of
COVID-19-related pathological processes and neurological
symptoms. A wide range of neurological symptoms were doc-
umented in a sample of COVID-19 patients in Wuhan, China
(where the pandemic originated) [39]. These included loss of
smell and taste; headaches; dizziness; impaired level of con-
sciousness; ataxia; seizures; and acute cerebrovascular illness
(ischemic and hemorrhagic CVAs). Headaches and dizziness
were common symptoms (17% and 13%, respectively).
Overall, the neurological symptoms were present in 36.4%
of the patient sample and tended to occur early in the disease
state. The same group of scientists reported that certain neu-
rological symptoms were more frequent among severe cases
(45.5%) than among non-severe cases (30.2%). These symp-
toms included acute cerebrovascular illness (5.7% vs. 0.8%),

impaired consciousness (14.8% vs. 2.4%), and skeletal mus-
cle injury (19.3% vs. 4.8%) [39].

Some of the earliest research on COVID-19 emerged from
China where the pandemic started. However, as the pandemic
spread, scientists from multiple countries around the world
proceeded to contribute to this body of knowledge. A group
of scientists from the UK reported impaired consciousness,
acute cerebrovascular events, and muscle disease in COVID-
19-infected patients. These neurologic abnormalities were
seen in up to 50% of the most severe cases [40].

French scientists reported that in a sample of 58 patients,
84% had neurological symptoms. These included encephalop-
athy, corticospinal tract dysfunction, agitation, and delirium.
Neuroimaging studies revealed bilateral frontotemporal hypo-
perfusion and acute ischemic CVAs [41]. In another study,
Turkish scientists reported that in a sample of 235 ICU pa-
tients, 50 (21.3%) developed neurological symptoms [37].

A group of Spanish researchers reviewed the clinical his-
tories in a large number of hospitalized patients diagnosed
with COVID-19 in March 2020 [42]. Out of 841 patients,
57.4% developed some form of neurological symptom. The
nonspecific symptoms including myalgias (17.2%), headache
(14.1%), and dizziness (6.1%)were present mostly in the early
stages of infection. Anosmia (4.9%) and dysgeusia (6.2%)
reportedly occurred mostly early and were more frequent in
less severe cases. Anosmia and dysgeusia were the first clin-
ical manifestation in 60% of the cases. Disorders of conscious-
ness were also reported. They occurred in 19.6% of the cases
and tended to manifest mostly in older patients and in severe
and advanced cases. The following symptoms and their re-
spective frequencies were also reported: myopathy (3.1%),
dysautonomia (2.5%), cerebrovascular diseases (1.7%), sei-
zures (0.7%), movement disorders (0.7%), encephalitis (n =
1), Guillain-Barré syndrome (n = 1), and optic neuritis (n = 1).
Neurological complications were the main cause of mortality
in 4.1% of the deceased study subjects.

A comprehensive review conducted by an international
group of scientists representing the World Federation of
Neurology compiled an impressive body of evidence that in-
fection with SARS-CoV-2 affects the central nervous system
(CNS), the peripheral nervous system (PNS), and muscles
[43]. They indicated that headaches and alteration of volun-
tary and involuntary psychomotor activity are likely to be
initial indicators of potential neurological involvement.
Symptoms of anosmia, hyposmia, hypogeusia, and dysgeusia
were reported as frequent early symptoms of coronavirus in-
fection. The authors hypothesized that respiratory failure in
COVID-19 is probably neurogenic in origin. The proposed
mechanism was that of viral invasion of olfactory nerve with
subsequent progression into rhinencephalon and respiratory
centers of the brainstem. Additionally, incidents of large-
vessel ischemic strokes, cerebral venous thrombosis, and in-
tracerebral and subarachnoid hemorrhages were hypothesized
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to be related to viral attachment to ACE2 receptors in blood
vessel endothelium causing endotheliitis, coagulopathy, and
arterial and venous thromboses. Acute hemorrhagic necrotiz-
ing encephalopathywas hypothesized to be related to cytokine
storm. Incidents of frontal hypoperfusion, seizures, encepha-
lopathy, meningitis, encephalitis, and myelitis were reported.
While less frequent, neuromuscular syndromes were also re-
ported. These included Guillain-Barre syndrome, Miller
Fisher syndrome, polyneuritis cranialis, and viral myopathy
with rhabdomyolysis. In conclusion, the group called for a
creation of an international neuroepidemiological collabora-
tion to help fight the current pandemic and its neurological
sequelae [43].

Headache is among the most common neurological mani-
festations of COVID-19. Based on meta-analysis, headaches
had been reported in 11–13% of hospitalized, and in 6–10% of
symptomatic patients. It is usually a moderate-severe, bilateral
headache with pulsating or pressing quality in the temporo-
parietal, forehead, or periorbital regions. It is typically charac-
terized by a “sudden to gradual onset and poor response to
common analgesics. The possible pathophysiological mecha-
nisms of headache include activation of peripheral trigeminal
nerve endings by the SARS-CoV2 directly or through the
vasculopathy and/or increased circulating pro-inflammatory
cytokines and hypoxia.” [44]

A pair of pathophysiologically related neurological symp-
toms anosmia (loss of smell) and ageusia (loss of taste) are
increasingly recognized as common in COVID-19. The onset
of these symptoms is often sudden and initially they were
thought to be secondary to respiratory illness. However, viral
invasion of the olfactory bulb with subsequent CNS invasion
was postulated to be a possible underlying mechanism, which
potentially can explain why these symptoms often appear pri-
or to the development of significant respiratory symptoms. In
a large multicenter European sample of patients with mild to
moderate COVID-19, 85.6% and 88.8% of the cases had ol-
factory and gustatory dysfunction, respectively [45].
Olfactory dysfunction was largely self-limiting; but gustatory
dysfunction persisted even after the resolution of respiratory
symptoms in more than 70% of the cases. In this study, too,
anosmia and ageusia were sometimes the first symptoms,
appearing before the respiratory symptoms [39]. Anosmia
was the initial presentation in 36% patients in a COVID-19
sample in Spain [38]. In an effort to understand the mecha-
nisms of anosmia, a team of European scientists observed two
groups of COVID-19 patients with complete anosmia: those
with and those without nasal obstruction. They found no sig-
nificant association between loss of smell and the symptoms
of nasal obstruction, rhinorrhea, or postnasal drip in the entire
group with anosmia or hyposmia, and concluded that anosmia
was not secondary to rhinal obstruction, but was a primary
neurological symptom. Higher prevalence of self-reported
smell and taste dysfunction was observed in this sample than

previously reported. It was concluded that many cases of an-
osmia are not secondary to nasal obstruction or inflammation.
Rather, a direct “viral spread through the olfactory
neuroepithelium and invasion of the olfactory bulb and central
nervous system” was the cause [46]. The case report by Politi
et al. showing brain MRI reversible inflammatory changes in
the olfactory bulb, tract, and gyrus rectus in a recovered
COVID-19 patient is consistent with this conclusion [28].

Delirium, one of the less specific neurological symptoms,
is not uncommon in COVID-19 patients, especially in patients
on ventilators [47]. Its development can be related to both
primary and secondary COVID-19 effects on the brain. A case
of encephalitis with delirium in a COVID-19 patient has also
been reported in Wuhan, China [48]. In one of the represen-
tative cases, a patient in Japan developed seizures and im-
paired consciousness [49]. On hospital admission, his
Glasgow Coma Scale was 6. MRI showed ventriculitis and
encephalitis, mostly in the right mesial temporal regions, af-
fecting the hippocampus. Specific SARS-CoV-2 RNA was
detected in the patient’s CSF [49]. The hippocampal involve-
ment should not be surprising, since the allocortex of the hip-
pocampus is phylogenetically similar to the olfactory cortex/
piriform cortex [50] that primarily serves the olfactory func-
tion and these regions are anatomically connected [51].

Seizures have also been reported in COVID-19 patients.
Multiple seizures, including generalized tonic-clonic, were re-
ported in a 30-year-old female in Iran [52]. The relatively
young age of the patient challenges the notion that young
people do not develop severe forms of COVID-19.
Additionally, concern has been raised that COVID-19 infec-
tion in epilepsy patients may increase the likelihood of sei-
zures due to fever [53]. Severe hypoxia frequently occurs in
COVID-19 patients due to respiratory failure/distress, putting
them at risk for hypoxic/anoxic-related encephalopathy [54].

COVID-19 patients were shown to be at risk for acute
ischemic and hemorrhagic cerebrovascular events of CVAs
[55]. In a sample of 221 patients, 6% developed an ischemic
CVA, hemorrhage, or cerebral vein thrombosis, with signifi-
cant lethality [56]. Blood coagulation is often impaired in
COVID-19, resulting in hypercoagulation, that can lead to
arterial and venous thromboses, causing an ischemic CVA
[57].

A study conducted in the UK revealed a significant rate of
ischemic CVAs in older patients with COVID-19. A number
of CVAs due to large vessel occlusions (both arterial and
venous), sometimes in multiple territories, were reported in
COVID-19 patients in their 50s–80s [57]. In a different study,
a surge of CVAs due to large vessel occlusions was reported
in COVID-19 patents in their 30s and 40s in the USA [58].
Thrombotic complications in COVID-19, regardless of age,
were reported by two separate scientific groups. Based on
their reports, the incidence of ischemic stroke secondary to
thromboembolic complications in two COVID-19 samples
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was 1.6% [59] and 2.5% [60], respectively. As stated earlier,
hemorrhagic CVAs have also been reported in COVID-19
patients [61].

Other forms of cerebrovascular pathology have been de-
scribed. Acute necrotizing hemorrhagic encephalopathy
(ANE) was reported in COVID-19 patients [61], with exces-
sive cytokine release proposed as the underlying cause (“cy-
tokine storm”) [61, 62]. Poyiadji et al. [61] reported bilateral
mesial temporal and thalamic hemorrhagic lesions, revealed
by brain MRI in COVID-19 patients. Kremer et al. found that
16 out of 37 severely ill hospitalized COVID-19 patients had
MRI signal abnormalities (nonconfluent multifocal white mat-
ter hyperintense lesions on FLAIR and diffusion sequences,
with variable enhancement) in the mesio-temporal region; as-
sociated hemorrhagic lesions in 11 out of 37 patients; and
extensive and isolated white matter microhemorrhages in al-
most a quarter of the patients. Slightly more than half (20/37)
also had intracerebral hemorrhagic lesions usually associated
with more severe COVID-19 presentations (ICU admission or
ARDS). Somewhat surprisingly, only one patient was positive
for SARS-CoV-2 RNA in CSF [63].

Pediatric immune-related COVID-19 pathology was more
recently described. A number of children, in the USA and in
Europe, including a 6-month-old infant, developed a
Kawasaki-like syndrome, probably associated with COVID-
19 [64]. Kawasaki disease is characterized by a high fever and
systemic vasculitis (inflammation of blood vessels), including
coronary arteries and may result in neurological complica-
tions. Interestingly, as far back as 2005, Kawasaki-like syn-
drome was reported to be linked to a different coronavirus,
HCoVNH [65]. However, the analysis of subsequent cases of
this new Kawasaki-like syndrome showed clinical and labo-
ratory features, which separate it fromKawasaki disease into a
different, new clinical entity that is now called multisystem
inflammatory syndrome in children (MIS-C) [66].

Coronaviruses and Demyelinating Illness

Coronaviruses are known to cause peripheral demyelinating
illness [38]. Guillain-Barre syndrome (GBS) has been de-
scribed in patients with COVID-19 in a number of countries
[38, 67, 68]. GBS is a form of immune-mediated peripheral
neuropathy characterized by rapid-onset muscle weakness and
paresthesias, when the immune system attacks the myelin
sheath of peripheral nerves. Guillain-Barre symptoms do not
always accompany COVID-19. However, when they do, the
clinical features of GBS in COVID-19 are highly consistent:
They are characterized by marked lower limb weakness over
upper limb, loss of deep tendon reflexes with variable sensory
abnormalities [38]. One wonders if central demyelinating ill-
ness is also possible in COVID-19 patients.

To summarize, COVID-19-related encephalopathy, as well
as pathology of the peripheral NS, can be caused by multiple
different mechanisms. They include direct invasion by the
virus, hypoxia, and cerebrovascular events related to coagu-
lopathy and multiple pathologies related to exaggerated/
pathological immune response. More specifically, these
mechanisms/pathologies may include axonal invasion of the
brain, viral crossing of blood–brain barrier, ischemic CVAs
related to hypercoagulability, demyelination related to im-
mune response, hypoxia-related encephalopathy, and
cytokine-storm-related encephalopathy. There may be other,
yet to be identified, mechanisms. Whether COVID-19-related
neuropathologies are strictly a consequence of direct neuro-
tropic invasion or results of indirect pathological cascades or a
combination is not always clear, and a combination of several
mechanisms may also be possible [38].

Long-term Sequelae of COVID-19

Conditions such as hypoxia, encephalitis, and stroke (CVA)
are known to produce long-term and even permanent
neurocognitive impairment. Thus, long-term neurocognitive
sequelae are to be expected in a portion of COVID-19 patients
after acute illness resolution. It has been anecdotally noted that
COVID-19 patients who spent significant amount of time in
intensive care are not infrequently left with residual cognitive
impairment, sometimes referred to as “post-intensive care syn-
drome,” a known condition, which was previously described
in intensive care survivors [69]. The underlying mechanisms
are unclear, but hypoxia, while on a mechanical ventilator,
must be considered [70]. This possibility is supported by a
recent observation of acute neuropathological changes from
hypoxia in the brains of 18 consecutive deaths of ventilator-
dependent COVID-19 patients [71].

The possibility of long-term neurocognitive changes is par-
ticularly likely in COVID-19 patients presenting with signif-
icant neurological symptoms during the acute illness.
Therefore, we may be faced with a significant number of
patients with chronic and even permanent neurological and
neuropsychological sequelae of COVID-19 that will require
rehabilitation and present a significant societal burden in terms
of health care utilization and cost and loss of productivity.
Moreover, it is prudent to consider the possibility of long-
term neuropsychiatric sequelae in recovered COVID-19 pa-
tients [72], especially since they have been reported in other
coronavirus outbreaks (MERS) [73]. On a related note, it was
reported that psychological impact of the COVID-19 pandem-
ic is greater in psychiatric populations than in healthy controls
in China [74]. This includes increased levels of anxiety, stress,
depression, and insomnia. In addition, these symptoms have
been identified in frontline health professionals. A recent
study looking at frontline responders and health care providers
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caring for hospitalized COVID-19 patients in Wuhan, China
found that 50.4% reported symptoms of depression (on PHQ-
9), 44.6% reported symptoms of anxiety (on GAD-7), 34%
reported insomnia, and 71.5% were distressed. Rates were
highest for those involved in direct care for severely ill
COVID-19 patients [75]. A poignant and tragic example of
such repercussions is one of the suicide by an emergency
physician who worked with COVID-19 patients in New
York City, NY [76].

Concerns have been also expressed about long-termmental
health repercussions in the general population (even in those
who did not contract COVID-19), characterized by anxiety,
depression, and even suicidality [72, 77]. From a historical
perspective, global disasters like the current pandemic are
usual ly associated with an upt ick of a ple thora
psychological/psychiatric symptoms and conditions [78].
Indeed, the number of calls to the national Disaster Distress
Helpline increased by 338% in March compared with
February 2020, when the current pandemic “officially” ar-
rived in the USA. In a sample (n = 500) from the general
Italian population, 19.4% reported mild, and 18.6%
moderate-to-severe likelihood of psychological distress attrib-
utable to COVID-19 outbreak. By contrast, 62% of the sample
reported no likelihood of psychological distress [79].
Significant COVID-19 psychological distress (such as symp-
toms of anxiety and depression) was also noted in various
population segments in China [80]. The fact that these studies
came out from multiple, culturally diverse countries indicates
that psychological sequelae of COVID-19 are not culture spe-
cific. Addressing an extreme end of the psychological spec-
trum, a concern has been raised that the COVID-19 pandemic
may trigger a wave of suicides [81]. A separate concern is one
of long-term neurological and neurocognitive sequelae of
COVID-19. In addition to acute neurological and
psychological/psychiatric immediate post-acute sequelae, it
has been proposed that COVID-19 survivors may be at risk
for developing neurodegenerative disorders (e.g., Parkinson’s
disease) much later in life [82].

Neuro-COVID-19

With the discovery that coronaviruses and other respiratory
viruses can invade the central nervous system (CNS) [20],
the brain can be targeted by COVID-19 via multiple direct
and indirect routes. As the mechanisms underlying the causes
of neurological symptoms of COVID-19 are being clarified,
the concept of “Neuro-COVID-19” is being increasingly em-
braced and the term increasingly accepted in scientific and
clinical circles. A dedicated Neuro-COVID-19 unit opened
at the University of Brescia Hospital in Northern Italy. There
COVID-19 patients are being treated for stroke, delirium, sei-
zures, encephalitis, and other neurological complications [83].

A research project “COVID-19 Prevalence and Cognitive
Deficits in Neurological Patients (Neuro-Covid)” at Aahrus
University Hospital, in Aahrus, Denmark has been initiated
with 2–3 years patient follow-up expected [84]. In the UK,
The CoroNerve Studies Group was created, which is a collab-
orative initiative to study the neurological features of COVID-
19. The reported purpose is to coordinate a UK nationwide
surveillance program, and collaboration with international ef-
forts [85].

COVID-19 and Long-term Post-Acute
Rehabilitation

Considering all the above, high levels of physical, cognitive,
and psychosocial impairments at post-acute recovery stages in
a subset of COVID-19 patients can be expected. Many will
require long-term rehabilitation and innovative treatment ap-
proaches [86]. Consequently, a case can be made for a longi-
tudinal neuropsychological follow-up of recovered COVID-
19 patients, who exhibited neurological symptoms during the
acute illness as well as of those who did not. One can draw on
the experience with an HIV/AIDS epidemic. The initial un-
derstanding of HIV/AIDS was that of the virus affecting the
immune system by depleting T cells, which resulted in oppor-
tunistic infections of multiple organs, including the brain.
However, it did not take long to discover that the disease could
also attack the brain directly, which resulted in long-term cog-
nitive impairment. Subsequently, HIV encephalopathy and
AIDS dementia complex leading to long-term cognitive im-
pairment were discovered [87]. Based on the emerging litera-
ture, it is reasonable to hypothesize a somewhat similar sce-
nario may unfold in relationship to COVID-19.

In support of these projections, it was reported that acute
respiratory distress syndrome (ARDS) resulted in a high prev-
alence of long-term cognitive impairment lasting months that
impacted functional status and quality of life [88]. Thus, mul-
tiple reasons for concern exist that long-term neurocognitive
deficits can be expected in COVID-19 patients well after the
recovery from the acute illness [89]. In response to these con-
cerns, a survey to track long-term mental and brain health
impacts of COVID-19 has been launched by neuropsycholo-
gists at the Monash University in Melbourne, Australia. They
initiated a 3-year, international study to understand the mental
health and cognitive effects of COVID-19 on people diag-
nosed with the virus, and on the general community dealing
with the pandemic [90].While we currently do not knowwhat
will be the number of post-acute COVID-19 patients requiring
cognitive rehabilitation and counseling, it can be reasonably
assumed that the numbers will be significant and that many
COVID-19 patients, having recovered from acute illness, will
require long-term follow-up for, diagnosis of, and rehabilita-
tion of neurocognitive sequelae.
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Other Coronaviruses and the Brain

It has been previously shown that other members of the coro-
navirus family can affect the brain. By revisiting information
that has been accumulated about their effects on the brain, one
can potentially discover informative parallels and gain useful
insights into what to expect from COVID-19. This, in turn,
will help to guide diagnosis, treatment, and rehabilitation of
COVID-19 patients.

One of the members of coronavirus family is Middle East
respiratory syndrome coronavirus (MERS-CoV; MERS).
MERS was first identified in 2012 in Saudi Arabia.
Clinically, MERS is characterized predominantly by respira-
tory symptoms and a high fatality rate. Neurological manifes-
tations, including intracerebral hemorrhagic CVAs, were re-
ported [23]. Bickerstaff’s brainstem encephalitis with
Guillain-Barre syndrome features and disturbance of con-
sciousness have been also described in MERS [19].

In a different study, neurological complications of MERS
were characterized by altered levels of consciousness (ranging
from confusion to coma), ataxia, and motor deficit. Several
neuropsychiatric complications were also reported in MERS
patients. In a sample of MERS patients in Saudi Arabia,
25.7% patients developed “insanity” and 8.6% developed sei-
zures [23]. BrainMRI showedmultiple white matter lesions in
frontal, temporal, and parietal lobes, basal ganglia, and corpus
callosum [24]. Post-traumatic stress disorder (PTSD) and de-
pression in MERS survivors have also been reported. Up to
42.9% of MERS survivors developed features of PTSD and
27.0% reported depression at 12 months following acute
MERS illness [73].

Another virus from the coronavirus family has been impli-
cated in severe acute respiratory syndrome (SARS). SARS
was first recognized in the Guangdong region of China in
2002. Coronavirus (SARS-CoV) was identified as the under-
lying pathogen. Clinically, SARS is characterized predomi-
nantly by respiratory symptoms and a high fatality rate.
Neurological manifestations, including intracerebral hemor-
rhagic CVA, have also been reported. SARS-CoV was shown
capable of invading the brain via the olfactory bulbs with
subsequent spreading among multiple brain regions, often
resulting in death [18]. The fact that the axonal transport route
of infection was established for other coronaviruses lends sup-
port to the theory and findings that similar mechanisms play a
role in COVID-19. SARS-CoV virus particles and genome
sequences could be detected in the brain, particularly in the
hippocampi, yet again pointing to a direct route of infection of
the brain [91]. SARS-CoV was found to be present in the
cerebrospinal fluid, as well as autopsied brain tissue of
SARS patients [22]. Numerous neurological complications
were also reported in SARS cases including ischemic stroke
[92] ; neuromuscular disorders charac te r ized by
polyneuropathy and myopathy [21]; and seizures [93]. It

appears that there is a significant overlap in the range of neu-
rological symptoms/conditions across various members of the
coronavirus family.

Interestingly, other coronaviruses that are usually thought
to be relatively benign have been shown to be associated with
Parkinson’s disease (PD). Antibody levels to coronaviruses
OC43 and 229E were found to be higher in the cerebrospinal
fluid of PD patients than those of healthy controls [94]. An
association between coronaviruses and multiple sclerosis
(MS) has also been reported. Antibodies to coronaviruses
OC43 and 229E were found in the cerebrospinal fluid of MS
patients but not healthy controls [95]. The above studies raise
the question about possible etiological or pathogenic role of
coronaviruses in PD and MS. Based on these reports, an
alarming question arises as to whether some of the recovered
COVID-19 patients will be at a higher risk of developing
neurodegenerative diseases much later in life.

Coronaviruses have been also implicated in CNS infections
in children. A high level of coronavirus antibodies was found
in children hospitalized for acute encephalitis-like syndrome
in China [96]. Presence of human coronavirus OC43 was
detected in the brain biopsy of an 11-month boy with fatal
encephalitis in the UK [97]. Presence of human coronavirus
was detected in the cerebrospinal fluid of a child with acute
disseminated encephalomyelitis [98].

Other Viruses and the Brain

It should not come as a surprise that SARS-CoV-2 and other
coronaviruses can target the brain directly, based on what we
know about other viruses. Encephalopathies caused by the
human immunodeficiency virus (HIV) or family of herpes
viruses are examples of other human viruses that impact the
brain.

It has been well established that human immunodeficiency
virus (HIV) can result in an encephalopathy/encephalitis. The
mechanism of this brain pathology can be a result of opportu-
nistic infections of the brain or primary HIV encephalopathy,
where HIV affects the brain directly [87]. The degree of cog-
nitive impairment may range from very mild to full-blown
AIDS dementia complex (ADC) [99]. ADC is usually seen
at advanced symptomatic stages and is associated with low
CD4+ T cell count. It has become increasingly rare with the
advent of effective pharmacotherapies for HIV. A milder cog-
nitive impairment, HIV-associated neurocognitive disorder
(HAND), may be present already at early disease stages.
Neuroimaging studies of HIV patients have found that the
frontal lobes, striatum, and hippocampi are particularly im-
pacted [100]. Cognitive impairment in HIV encephalopathy
is associated with a range of symptoms, including mood and
personality changes, executive deficit, memory impairment,
and motor/psychomotor slowing [99].
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The herpes simplex virus (HSV) can result in
encephalopathy/encephalitis (herpes simplex encephalitis
(HSE)). The usual clinical presentation is that of acute system-
ic illness followed by chronic cognitive impairment. The tem-
poral lobes are particularly vulnerable [101]. This vulnerabil-
ity results in cognitive deficits dominated by memory impair-
ment. Similar but milder syndromes have been linked to cy-
tomegalovirus (CMV), and Epstein-Barr virus (EBV) [102]. It
has been suggested that HSV-1 infection is a risk factor for
Alzheimer’s disease in people with the epsilon4-allele of
APOE gene. Risk for dementia may increase by 2.56 times
in these patients with untreated HSV-1 [103, 104]. Of signif-
icant neurocognitive importance, the hippocampi, one of the
anatomical structures that is crucial across many cognitive
processes, is vulnerable in a number of viral encephalopathies.
As discussed above, the hippocampi have been implicated as a
target of viral encephalopathies in COVID-19, SARS, HSV
encephalopathy, and HIV encephalopathy. Hippocampal pa-
thology usually leads to significant memory impairment,
which has important ramifications in terms of the severity of
overall long-term cognitive impairment.

Predicting Long-term Cognitive Sequelae
of COVID-19

Given what is known at this point about the impact of
COVID-19 on the brain, the presentation of its long-term cog-
nitive sequelae can be expected to be heterogenous in nature
and will at least in part depend on the nature and severity of
underlying neuropathophysiological processes at the acute
COVID-19 stage. The nature of the long-term cognitive se-
quelae will likely be related to one of several broader catego-
ries (or a combination of categories) of potential COVID-19
neuropathological disease processes: anoxic/hypoxic/toxic
encephalopathy, viral encephalitis/encephalopathy, CVA (is-
chemic or hemorrhagic), and demyelinating disease process
(either from an immune reaction or as a result of systemic
inflammatory response) [36, 43].

In general, chronic cognitive sequelae of anoxic/hypoxic/
toxic encephalopathy can range from subtle attention and
memory impairment in mild cases to pervasive cognitive de-
cline and dementia and severe alteration of mental state and
even coma in severe cases. As in other forms of diffuse brain
pathology, several broad cognitive/neurobehavioral symp-
toms, such as altered mental state; delirium, impaired atten-
tion/concentration, including selective attention; impaired ori-
entation; sleep–wake cycle disturbances; and drowsiness/
lethargy can all be expected. Hypervigilance and personality
changes may also develop. Retrograde amnesia, anterograde
amnesia, and confabulations, poor recall can be also present,
as well as neuropsychiatric symptomatology including

paranoia/delusions, agitation, hallucinations, and bizarre be-
havior [72, 105, 106].

Similarly, neurocognitive sequelae of COVID-19 follow-
ing viral encephalitis/encephalopathy disease process may in-
clude a wide range of cognitive/neurobehavioral symptoms.
However, given that COVID-19 appears, like other viral en-
cephalopathies described above, to have particular affinity for
the hippocampi [63], a severe amnestic disorder may develop
against the background of less affected other cognitive func-
tions [107]. Frontal lobes have also been mentioned as a neu-
roanatomical target in COVID-19 [108]; thus, executive def-
icit is also likely.

Cognitive sequelae of ischemic or hemorrhagic CVAs will
mostly result in relatively focal neurological/cognitive deficits
whose exact nature will depend on the location of the affected
brain region and its size/extent. In most general terms, frontal
lobe involvement may result in dysexecutive syndrome and
personality/motivational changes, motor/movement impair-
ment, apraxia, and expressive aphasia. Temporal lobe in-
volvement can be expected to result in language and memory
impairment. Parietal lobe involvement may result in the im-
pairment of visuo-spatial functioning/perception. Occipital
lobe involvement may result in impairment of visual percep-
tion and higher order visual information processing.
Cerebellar involvement will result in impairment of complex
motor behavior. Involvement of subcortical structures, such as
basal ganglia, thalamus, hypothalamus, and amygdala, will
roughly parallel impairment of their corresponding cortical
projection regions andmay also cause impairment of emotion-
al processing and autonomic functions. Involvement of brain
stem structures may result in overall decline of attention/
arousal and even in coma. As mentioned earlier, brain stem
involvement has been hypothesized as a potential cause of
respiratory problems in COVID-19 [32].

The nature and the extent of cognitive sequelae of demye-
linating disease process in COVID-19 will also depend on the
location of the affected white matter in the brain and its
size/extent. In general, diffuse disorders of the brain white
matter result in impaired neural network connectivity, which
in turn manifests in sensory/motor dysfunction, impaired in-
formation processing, and slow speed of cognitive processes
[109]. The overall decline in information processing impacts
multiple cognitive processes, includingmemory, attention and
concentration, executive functions, response fluency, and vi-
suospatial functions. Extensive diffuse white matter disease of
the brain can lead to dementia. More focal white matter ab-
normalities will result in cognitive impairment corresponding
to the functions of related/adjacent cortical/subcortical neuro-
nal structures.

In a number of patients, lasting, long-term neurocognitive
impairment must be expected. Given the relatively brief his-
tory of COVID-19, one can only speculate about the specific
nature of such impairment, but certain predictions can be

Mol Neurobiol



made. Based on the neuroimaging data available so far, mesial
temporal lobe regions appear to be particularly vulnerable in
COVID-19 and are implicated more often than any other
structure [49, 61]. This is likely to result in lasting memory
impairment, with both anterograde and retrograde amnestic
components. Brain stem has also been implicated [17, 32,
33], potentially resulting in physiological arousal impairment.
Orbitofrontal involvement in COVID-19 has also been report-
ed, potentially resulting in behavioral disinhibition and poor
impulse control [110].

Conclusions

SARS-CoV-2, the virus that causes COVID-19, is one of sev-
eral human viruses that affect the brain. We are only begin-
ning to learn the exact mechanisms by, and the extent to
which, it impacts the brain. Considering the rapid accumula-
tion of knowledge about multiple neurological and
neurocognitive symptoms in COVID-19 patients, Neuro-
COVID-19 has been increasingly recognized as a useful
clinical/scientific construct in the evolving discourse about
the development of systematic approaches to the diagnosis,
management, and treatment of the neurological and
neurocognitive aspects of COVID-19. Many COVID-19 pa-
tients, both with and without acute CNS involvement, having
recovered from acute illness, will require long-term follow-up,
diagnosis, and rehabilitation of neurocognitive sequelae. They
will also have to be monitored because of the potential for
developing neurological disease later in life. The nature and
the extent of post-COVID-19 neurocognitive sequelae will
likely be vastly heterogenous in nature, depending on the un-
derlying pathophysiological mechanisms, and will range from
subtle to severe. The number of individuals suffering from
long-term and even permanent cognitive deficits is likely to
be significant. Multidisciplinary collaborations, involving
neurology, neuropsychology, psychiatry, and physiatry, will
be required in the diagnosis and treatment of COVID-19 pa-
tients in post-acute and chronic stages of the disease. In view
of the sheer number of potential cases with impaired cognition
and their complexity, such an effort should be, optimally,
international and involve the development of a registry/
database which can be shared with and utilized by
multispecialty collaborative teams of health care professionals
and scientists all over the world [43]. This effort must be
launched urgently and without delay.
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