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Arkońska 4, 71-455 Szczecin, Poland; barczyszyn@spwsz.szczecin.pl

5 Department of Infectious Diseases, Tropical Diseases and Immune Deficiency, Pomeranian Medical University
in Szczecin, 71-455 Szczecin, Poland; mparczewski@yahoo.co.uk

* Correspondence: jakubudzik@wp.pl

Abstract: Neurological manifestations of the SARS-CoV-2 infection are present in up to 80% of
the affected patients. While the majority of them is benign, in certain patients, viral replication in
the central nervous system results in a severe disruption in cognitive function as well as basic life
functions. In this case series, the authors present a detailed description of the three SARS-CoV-2
infection cases, which were all complicated by severe encephalopathy. Consecutive neurological
status changes were described for each patient with detailed imaging and clinical sequelae. In the
discussion, the authors highlight similarities in the course of the disease in presented patients, as well
as common features in test results. An effective causal treatment could not be introduced in any of
the patients, nor could the progression of the central nervous system (CNS) damage be stopped. The
authors hope that the experiences they gathered will help to accelerate the diagnostic and therapeutic
process in other patients with COVID-19-associated encephalopathy and result in introducing an
effective treatment.

Keywords: COVID-19; covid-associated encephalopathy; COVID-19 neurological complications;
neuroinfection

1. Introduction

Despite a recent discovery of the coronavirus disease (COVID-19), a wealth of data on
the clinical manifestations related both to viral replication, clade variability, disease stage
and patient comorbidities has been gathered thus far. Neurological symptoms, however less
frequent, have been described as one of the key clinical features impacting this disease [1–3].
Involvement of the central nervous system related to the possible expression of viral
proteins and its inflammatory and proapoptotic properties resulting in local inflammation
and delayed synaptic signaling [4,5] has been well characterized. It should be stated that
reports emphasize heterogeneity in COVID-19 neurological manifestations [6], which may
range from mild symptoms such as headache and dizziness, psychomotor deceleration,
memory impairment (including “brain fog”), anosmia, ataxia, speech disorders, neuralgia
and to medium and severe complications such as neuropathic pain, muscular paresis and
paralysis, epileptic seizures and coma—Table 1 [7–9].

Moreover, from a clinical perspective, vascular disorders (cerebral ischemia, throm-
boembolic events of the cerebral vasculature and cerebral bleeding), inflammatory disorders
(mainly encephalitis and encephalopathy) and peripheral nerves disorders (Guillain–Barré
syndrome, Miller–Fisher syndrome and neuralgia) [10–14] were previously observed. Thus
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far, severe encephalopathy associated with SARS-CoV-2 have been described only infre-
quently [15–17], with no clearly defined pathogenesis.

Table 1. Neurological symptoms in patients with COVID-19.

Mild

headache

dizziness

anosmia

Moderate

psychomotor deceleration and memory impairment (including “brain fog”)

ataxia

speech disorders

neuralgia and neuropathic pain

Severe

muscular paresis and paralysis

epileptic seizures

coma

In this case series, the authors would like to present the cases of COVID-19 associated
encephalitis and encephalopathy with unfavorable outcomes despite advanced differential
diagnostics and therapeutic efforts. The authors would like to lay the ground for further
studies on the brain-related CNS pathology associated with SARS-CoV-2 infection.

2. Clinical Cases
2.1. Patient 1

A 71-year-old female of Caucasian ethnicity was admitted with speech disorders
and allopsychic orientation disturbances. Approximately 2–3 days prior to admission,
gastrointestinal symptoms (vomiting, nausea and diarrhea) were observed. Medical history
included arterial hypertension, type 2 diabetes and hyperthyroidism. Upon examination,
only psychomotor decelerations with mild confusion were observed. SARS-CoV-2 infection
was confirmed with molecular testing; in laboratory analyses, moderate increases of C-
reactive protein (52.61 mg/L with the upper limit value of 5 mg/L) with no other significant
laboratory abnormalities were noted. Chest computed tomography (CT) revealed mild,
diffuse lesions in both lungs, consistent with interstitial pneumonia, while in the CT scan
of the head, minor hemorrhagic foci of the supratentorial white matter, consistent with
chronic ischemic lesions in small vessel disease, were present. Cortical and subcortical
atrophy was also noted, with adequate dilatation of the cerebrospinal fluid (CSF) spaces.
Based on the clinical and laboratory data above, a presumptive diagnosis of encephalitis
in patient with COVID-19 was conducted. Treatment with dexamethasone (4 mg/day for
3 days with subsequent dosage increase to 16 mg/day for another 7 days), azithromycin
(500 mg/day for 7 days) and enoxaparin (60 mg/day for 12 days) was initiated.

During hospitalization, non-convulsive epileptic seizures were diagnosed based on
paroxysmal activity in EEG examination, with the tendency to generalize in the left fron-
totemporal area. Levetiracetam (500 mg/day) was introduced into the treatment. As in the
subsequent days, a transient decrease in right upper limb muscular strength (4/5 on the
Lovett scale [18]) was observed, ceftriaxone (4 g/day for 7 days) and acyclovir (2 g/day
for 9 days) were introduced into the treatment. Fluctuations in the qualitative and quan-
titive consciousness were observed, with transient time and location disorientation and
variable verbal contact. Due to clinical deterioration in pulmonary parameters, progres-
sion of inflammatory lesions in the lungs and laboratory features of cytokine storm, an
anti-interleukin receptor 6 therapy with tocilizumab was administered, supplemented with
meropenem (6 g/day for 10 days) and methylprednisolone (1 g/day for 10 days).
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MRI examination of the brain (Flair and T2 sequences) revealed multiple, speckled,
hyperintense foci in the supratentorial white matter, located deep in the brain and around
the ventricles (Figure 1).
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Figure 1. Cortical-subcortical atrophy with the diffuse hyperintense areas of the white matter (small
vessel disease)—Flair sequence (MRI imaging).

The foci had a tendency to confluence, showed no contrast enhancement and no
diffusion restriction and were consistent with small vessel disease. Stage 2 leucoaraiosis on
the Fazekas scale [19] was also present. Shallow sulci with blurred edges were observed on
the convexities of the brain (Figure 2)—inflammatory etiology was suspected.
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In the other regions of the brain, sulci were significantly dilated mostly within the
temporal and frontal lobes but also within the occipital lobes. The image was consistent
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with advanced cortical-subcortical atrophy. Ventricles were symmetrical and moderately
dilated, while perivascular spaces were centrally enlarged.

After 14 days, the patient’s respiratory efficiency improved (capillary blood saturation
was 93% without the oxygen delivery). Despite the normalization of inflammatory parame-
ters in the following days and introduction of therapy with cerebrolysin (8.61 g/day for
10 days) and amantadine (200 mg/day for 6 days), the patient’s mental state and quanti-
tative consciousness were systematically deteriorating, with horizontal multidirectional
nystagmus, bilateral abducens nerve (VI) palsy and roving eye movements, with a fatal
outcome on the 41th day from admittance.

During in-hospital stay, three lumbar punctures were performed with CSF sampling
(on the 3rd, 16th and 34th day)—Table 2. Slightly increased protein and glucose concen-
trations (maximal protein concentration was 75.1 mg/dL and 79 mg/dL for glucose) and
no cellular abnormalities were noted, with moderate blood–brain barrier damage and no
anti-NMDAR, AMPAR1, AMPAR2, CASPR2, LGI1 or DPPX antibodies. The increased CSF
protein level was due to an intrathecal synthesis of albumins and class G immunoglobulins.
Furthermore, molecular infectious disease CSF testing for adenoviruses; enteroviruses;
Varicella Zoster Virus (VZV); Human Herpesvirus 6 (HHV-6); Human Herpesvirus 7
(HHV-7); Epstein–Barr Virus (EBV); Herpes Simplex Virus 1 (HSV-1); Herpes Simplex
Virus 2 (HSV-2); human Cytomegalovirus (hCMV); Human Parechovirus; Parvovirus B19;
and Human polyomavirus 2 (JCV) as well as borrelia antibody proved negative. Finally,
negative autoantibody results relative to anti-DFS70, c-ANCA, p/ANCA, p/MPO, ANA,
anti-NMDA and anti-neuronal antibodies (Amphiphysin, CV2.1, Ma2/Ta, Ri, Yo, Hu) were
also obtained.

Table 2. Results of the biochemical and cytological analysis of the consecutive CSF samples in all patients.

Parameters LP 1 LP 2 LP 3 LP 4

Patient 1

Glucose: 79 77 47 X

Cl−: 127.9 121.7 119.6 X

Protein: 66.5 75.1 72.3 X

WBC: 2 1 1 X

Macrophages: 0 0 1 X

Patient 2

Glucose: 123 X X X

Cl−: 135.8 X X X

Protein: 72.1 X X X

WBC: 7 X X X

Macrophages: 0 X X X

Patient 3

Glucose: 76 93 85 78

Cl−: 127.9 137.1 127.1 121.8

Protein: 24.7 39.9 38.2 22.7

WBC: 2 4 5 2

Macrophages: 0 0 0 0
Legend: Cl−—chlorine ions concentration in the CSF (mmol/L); Glucose—glucose concentration in the CSF
(mg/dL); LP (1–4)—consecutive lumbar punctures performed in each patient; Macrophages—number of
macrophages identified in the CSF (cells); Protein—protein concentration in the CSF (mg/dL); WBC—white blood
cells count in the CSF (cells/uL); X—further lumbar punctures were not performed in this patient. Red color
signifies that the result was not within the referential range. Referential values: glucose: 40–70 mg/dL; Cl−:
115–130 mmol/L; protein: 15–65 mg/dL; WBC: 0–5 cells/uL; macrophages: 0 cells.

2.2. Patient 2

A 71-year-old Caucasian male was admitted with impaired verbal contact, dyspnoea
and fever with SARS-CoV-2 infection confirmed two days previously. In his medical
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history, the patient had cerebral stroke (3 years ago) with left hemiparesis, type 2 diabetes,
dyslipidemia, obesity and smoking; however, the patient used to be self-sufficient, with
full logic and verbal contact. The patient’s general condition on admittance was serious; he
exhibited sensory-motor aphasia and required oxygen delivery. The ground-glass opacity
typical for COVID-19 pneumonia was present in the chest CT scan. The presence of an 8 mm
intracerebral hematoma in the left thalamus was noted on head-computed tomography.
Inflammatory parameters were moderately elevated (CRP—53.79 mg/L, IL-6—62.1 pg/mL
with the upper value limit of 7 pg/mL) with high D-dimer concentrations (20,777 µg/L
with the upper value limit of 500 µg/L).

Intracerebral hemorrhages in a patient with SARS-CoV-2 pneumonia, concomitant
aphasia and suspected pulmonary artery thrombosis were diagnosed and treated with
azithromycin (500 mg/day for 4 days) and ceftriaxone (2 g/day, after 24 h the dosage was
increased to 4 g/day and continued up to the 5th day of hospitalization) and dexamethasone
(8 mg/day for 8 days). After confirming the pulmonary artery, thrombosis dalteparin
was introduced into the treatment (15,000 units/day for 7 days). Unfortunately, aphasia
persisted and it was only temporarily possible to establish a simple logical contact with the
patient, despite the addition of acyclovir (2 g/day for 5 days) and cerebrolysin (6.46 g/day
for 6 days) into therapy.

Within the first week of treatment, the patient’s condition deteriorated, with tetrapare-
sis and meningeal signs. Respiratory efficiency, however, improved after anticoagulation
treatment and was stable until the seventh day of hospitalization. In the EEG, basic elec-
trical activity of the brain was present in the form of theta waves with a frequency of
5–7 Hz, with concomitant beta activity in frontal leads. During the examination, multiple,
generalized sharp wave discharges were registered. The examination report suggested
encephalitis while, in the follow-up head CT, a lack of hematoma in the left thalamus that
was discovered in the first examination was noted. An MRI was not performed due to
clinical instability. The patient continued to deteriorate with a decrease in CRP (23.01 mg/L)
and IL-6 (43.1 pg/mL), hyperkalemia (6.97 mmol/L) and hypernatremia (152.5 mmol/L),
clinical tetraplegia and an impaired pupillary reflex followed by a respiratory failure and
death on the eighth day during in-hospital treatment.

Here, CSF was examined on the second day from admittance with increased glucose
(123 mg/dL), chlorine ions (135.8 mmol/L) and protein (72.1 mg/dL) levels—Table 2.
Number of leukocytes was slightly elevated (7 cells/µL). The serological and molecular
tests were negative for HIV, HBV, HCV, CMV and toxoplasmosis.

2.3. Patient 3

A 64-year-old Caucasian male with a history of peripheral neuropathy with concomi-
tant abnormal gait and neuropathic pain (treated with 900 mg of gabapentin a day) was
admitted with agitation, inexpedient motoric behaviors and bradyphrenia accompanied by
cough and fever, which started seven days previously.

On examination temporary disorientation, confusion and inexpedient limb movements
were observed. Similarly to the previous cases, diffuse lesions in both lungs (“the ground-
glass opacity”), consistent with an interstitial pneumonia, were observed, with moderate
elevations of inflammatory parameters (CRP—59.35 mg/L, IL-6—26.3 pg/mL). In the head
CT scan, only areas of periventricular leukoaraiosis were present. Initially, the patient
was treated with a standard dose of remdesivir, dexamethasone (24 mg/day for 7 days),
ceftriaxone (4 g/day for 12 days), levofloxacin (1 g/day for 12 days), acyclovir (1.5 g/day for
10 days) and enoxaparin (120 mg/day for 12 days). Due to clinical respiratory deterioration
with psychomotor agitation, convalescent plasma with an interval of 24 h was administered,
but no clinical improvement related to the psychomotor function was noted despite the
decrease in inflammatory parameters. In the following days, opisthotonus developed with
loss of the verbal contact, tetraparesis with the right-side predominance, upper extremities
rigidity and no tendon reflexes in the lower limbs. The pyramidal signs were absent.
Acyclovir (250 mg/day for 16 days), cerebrolysin (8.61 g/day for 7 days), amantadine
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(200 mg/day for 6 days) and methylprednisolone (1 g/day for 5 days) were introduced
into the therapy and supplemented with analgosedation with morphine (40 mg/day) and
diazepam (30 mg/day). The patient required a mild oxygen support (capillary blood
saturation was 89% with no oxygen delivery). In the EEG examination, a dominating
low-voltage fast activity was present, with transitory theta waves discharges (5.5–6 Hz, up
to 30 µV) in all leads.

In the brain MRI, multiple foci and diffused areas of the hyperintense lesions in the
supratentorial white matter in the Flair and T2 sequences (Figures 3 and 4) were noted.
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The lesions were consistent with small vessel disease, with no contrast enhancement
or diffusion restriction. There was a 4 mm cavity present in the deep brain structures of
the left side, consistent with focal ischemia. A few similar cavities were present within
the pons. The DWI sequence showed no acute post-infarction foci, and there were no
signs of the mass effect. A moderate cortical atrophy was noted within brain convexities.
In light of the patient’s severe condition and a lack of further diagnostic alternatives, a
decision was made to perform a brain biopsy. Using stereotactic neuronavigation, four
brain tissue samples were taken from the right frontal area, using variable sampling depths
to include the borderline area between a healthy tissue and the lesions described in the
MRI examination report (Figure 5).
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The axes cross in the spot from which the sample was taken within the right frontal lobe; (b) the
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blue line). The borders of the biopsy frame are marked in green.

However, in the histopathological examination of the brain tissue samples, there
was no inflammatory infiltration, only a focal hemorrhaging was present. Following the
procedure, further neurological progression was noted with a loss of pharyngeal reflexes,
and for this reason, human immunoglobulins were started (4 g/day). The treatment
was discontinued within a few hours as the patient’s temperature rose, suggestive of an
adverse reaction to immunoglobulins. The patient’s respiratory efficiency deteriorated
on the 40th day of hospitalization (he required a high flow oxygen supplementation),
with a considerable leukocyte count increase (26.42 K/µL). Despite further treatment with
extended spectrum antibiotics (meropenem (6 g/day) and vancomycin (3 g/day), the
patient died on the 44th day of hospitalization.

Here, four lumbar punctures were performed in total (on the 2nd, 7th, 13th and
28th day)—Table 2—with the predominant abnormality on all being increased CSF glucose
levels with no cytological abnormalities. CSF was also examined for the indicators of
the Creutzfeldt–Jakob disease and genetic material of the adenoviruses, enteroviruses,
Varicella Zoster Virus (VZV), Human Herpesvirus 6 (HHV-6), Human Herpesvirus 7
(HHV-7), Epstein-Barr Virus (EBV), Herpes Simplex Virus 1 (HSV-1), Herpes Simplex
Virus 2 (HSV-2), human Cytomegalovirus (hCMV), Human Parechovirus, Parvovirus B19,
Human polyomavirus 2 (JCV) and the SARS-CoV-2 virus—all results proved negative. CSF
and serum were both negative for IgG and IgM anti-borrelia antibodies (in Western-blot
test). Finally, the presence of the following autoantibodies was excluded in CSF: NMDAR,
AMPAR1, AMPAR2, CASPR2, LGI1 and DPPX. Similarly to the two cases presented
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above, all other virological serological testing and autoantibody assays proved negative.
The concentration of the immunoglobulin classes A, G and M in the serum was normal.
Moreover, the IgG subclasses’ (IgG1—IgG4) concentration was normal. No oligoclonal
bands were detected in the blood or CSF.

3. Discussion

Severe COVID-19 associated encephalopathy is usually described in patients in whom
the SARS-CoV-2 infection resulted in a critical organ failure (in most cases it is a respira-
tory failure) [20,21]. In the presented case series, encephalopathy was one of the earliest
symptoms of the COVID-19 infection (it developed prior to a respiratory instability) and it
remained a leading clinical problem for those patients during the entire treatment process.
Unlike in the other scientific investigations, in this instant, the timeline of events demon-
strates that encephalopathy was the primary cause of the subsequent respiratory failure and
clinical state deterioration, and that it was an initial cause of death in those patients. Patient
1 did not require oxygen delivery after the 14th day of the in-hospital stay, whereas her
neurological condition was systematically deteriorating. In patient 2, respiratory efficiency
improved after the anticoagulation treatment and remained stable until the day prior to
his death, whereas his neurological condition deteriorated rapidly from the beginning of
hospitalization. On the day of his death, in addition to the respiratory failure, patient 2
exhibited not only severe neurological deficiencies but also dyselectrolytemia and severe
hypotension, which did not respond to any treatment and is suggestive of damage to the
deep brain structures such the hypothalamus and brain stem. In patient 3, systematic
neurological deterioration persisted in spite of the fact that he required mild to moderate
oxygen support throughout most of his in-hospital stay.

The common denominator of those three cases is that the neurological deterioration
was continuous and progressive, and it did not correlate with the oxygen demand. None of
these patients developed respiratory failure before developing serious encephalopathy.

The common features of the presented three cases of the COVID-19 associated en-
cephalopathy were normal CSF cell count, lack or mild elevation of protein in the CSF
with slightly elevated glucose levels, diffuse inflammatory lesions in the white matter
of the brain and low to mild increases in the CRP activity. EEG examination revealed a
paroxysmal activity in patient 1, whereas patients 2 and 3 presented slow wave brain activ-
ity consistent with the picture of encephalitis. In all cases, no significant central nervous
disease prior to COVID-19 was observed. In all cases, neurological status alteration was
associated with the SARS-CoV-2 infection and lack of inflammation in the CSF.

The mechanism of the nervous system damage in COVID-19 has not been fully ex-
plained yet, although many attempts are made. Certainly, pathology is multifactorial,
complex and involves neuronal damage by the expressed viral proteins and use of the an-
giotensin converting enzyme-2 receptor (ACE-2 receptor) [22], which is also present within
the nervous system, namely in the neurons and glial cells [23]. The animal studies showed
that the ACE-2 receptor is present within the entire brain and not only in perivascular
spaces such as the olfactory bulb and cortex as well as deep brain structures [24,25]. To
infiltrate central nervous system, the virus crosses the blood–brain barrier using ACE-2 re-
ceptor in the endothelial cells of the brain vessels and pericytes [26,27]. Within the neurons,
the virus alters metabolic pathways and deregulates cellular activity by impairing the cell’s
antioxidant defense mechanisms and compromising DNA repair [28]. This results in an
increased presence of the reactive oxygen species (ROS) within the neurons and eventually
results in apoptosis [29–31].

Another possible cause that might explain nervous system damage in COVID-19
is the presence of anti-neuronal antibodies and autoantibodies, which attack the host’s
cells, resulting in permanent changes in the central nervous system [32]. Reports on
the association between SARS-CoV-2 infection and neurodegenerative processes were
published with the suggested underlying autoimmune mechanism [33]. Within these
degenerative diseases, the Guillain–Barré syndrome (GBS), the Miller–Fisher syndrome
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(MFS) and the Acute Disseminated Encephalomyelitis (ADEM) are described [34–36];
however, in the presented cases, no autoantibodies suggesting the above diseases were
present neither in blood nor in CSF.

CSF examination is one of the basic tools in the diagnostics of the neurological mani-
festations of COVID-19 [37,38]. Apart from the above-mentioned anti-neuronal antibodies
and autoantibodies, the main markers of SARS-CoV-2 infection in the CSF are protein con-
centration, leukocyte count and the presence of the viral genetic material. In the majority of
COVID-19 cases described so far, the RT-PCR test of the CSF was negative for the SARS-
CoV-2 genetic material [39]. Some of these patients had elevated protein concentration and
leukocyte count in the CSF. It is consistent with observations made in this study.

Two patients in this study had elevated protein concentration in the CSF. In none of
these patients the SARS-CoV-2 genetic material or a significant cell count were found in the
CSF. This supports the thesis that neurological manifestations and neurodegenerative pro-
cesses in COVID-19 have a complex pathological background and are not directly related
to SARS-CoV-2 presence in CSF. Discovering the exact pathomechanism of neuroinvasion
or neuroinflammation in this disease could aid the understanding of the pathophysiology
of neurological manifestations of COVID-19 [40–43]. Imaging examinations are a key diag-
nostic tool, with MRI imaging being the preferred method. There are multiple reports and
study cases describing pathological changes present in MRI examination in patients with
COVID-19, including ischemic changes (TIA, ischemic stroke and small vessel disease),
hemorrhagic changes (hemorrhagic stroke and subarachnoid hemorrhage) and inflamma-
tory changes (meningitis, encephalitis and acute disseminated encephalomyelitis) [44–49].

Two of the three patients described in this study had the brain MRI examination
result. In patient 1, the MRI picture indicated inflammatory etiology, whereas in patient
3 the described lesions were consistent with small vessel disease. All patients clinically
manifested the symptoms of progressing encephalopathy, which did not respond to any
kind of treatment and eventually resulted in the death of the patients. The clinical picture
of COVID-19-associated encephalopathy in these patients is consistent with the scientific
reports of other researchers and it embodies the need to develop new diagnostic methods
for neuro-COVID-19 [50–64].

The above description of the medical cases combines clinical data with additional tests
results (imaging, laboratory and functional examinations). It shows the range of the applied
diagnostics and the effects of the applied treatment. The authors hope that the experiences
they gathered will help to accelerate the diagnostic and therapeutic process in other patients,
potentially resulting in earlier diagnosis and introducing a more effective treatment.

4. Conclusions

SARS-CoV-2 infection can lead to the development of a severe encephalopathy, with a
clinical picture of encephalitis and poor treatment responses. Discovering and explaining
the pathomechanism that results in central nervous system damage in COVID-19 and
introducing new diagnostics methods are crucial for developing a fully effective treatment
strategy for the patients infected with the novel coronavirus.
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15. Ziemele, D.; K, auk, e, G.; Skrējāne, K.; Jaunozolin, a, L.; Karelis, G. A fatal case of COVID-19-associated acute necrotizing en-

cephalopathy. Eur. J. Neurol. 2021, 28, 3870–3872. [CrossRef] [PubMed]
16. Nalbantoglu, M.; Mestanzade, T.; Altunrende, B.; Orken, D.N. COVID-19 associated severe encephalopathy. Eur. J. Neurol. 2021,

93, 689. [CrossRef]
17. Ciolac, D.; Crivorucica, I.; Zota, E.; Gorincioi, N.; Efremova, D.; Manea, D.; Crivorucica, V.; Ciocanu, M.; Groppa, S.A. Extensive

cerebellar involvement and cognitive impairment in COVID-19-associated acute necrotizing encephalopathy. Ther. Adv. Neurol.
Disord. 2021, 14, 1756286420985175. [CrossRef]

18. Cuthbert, S.C.; Goodheart, G.J., Jr. On the reliability and validity of manual muscle testing: A literature review. Chiropr. Osteopat.
2007, 15, 4. [CrossRef]

19. Fig. 11.5, [Fazekas Scale for White Matter].—Diseases of the Brain, Head and Neck, Spine 2020–2023—NCBI Bookshelf. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK554327/figure/ch11.Fig5/?report=objectonly (accessed on 6 January 2022).

20. COVID-19: Neurologic Complications and Management of Neurologic Conditions—UpToDate. Available online: https://www.
uptodate.com/contents/covid-19-neurologic-complications-and-management-of-neurologic-conditions#H431248232 (accessed
on 6 January 2022).

http://doi.org/10.1213/ANE.0000000000004918
http://doi.org/10.1007/s11481-020-09944-5
http://doi.org/10.1038/d41586-021-01693-6
https://reader.elsevier.com/reader/sd/pii/B9780128013649000250?token=EBFA81B22EA489EAFF1D5C3B83263F6060E65499A574EDF137163D6D3DF0719EA3B9B72F992F27F26723B0024BBA38A7&originRegion=eu-west-1&originCreation=20211001175004
https://reader.elsevier.com/reader/sd/pii/B9780128013649000250?token=EBFA81B22EA489EAFF1D5C3B83263F6060E65499A574EDF137163D6D3DF0719EA3B9B72F992F27F26723B0024BBA38A7&originRegion=eu-west-1&originCreation=20211001175004
https://reader.elsevier.com/reader/sd/pii/B9780128013649000250?token=EBFA81B22EA489EAFF1D5C3B83263F6060E65499A574EDF137163D6D3DF0719EA3B9B72F992F27F26723B0024BBA38A7&originRegion=eu-west-1&originCreation=20211001175004
http://doi.org/10.1016/j.regpep.2012.05.093
http://www.ncbi.nlm.nih.gov/pubmed/22595130
http://doi.org/10.1016/j.neures.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32628969
http://doi.org/10.1021/acschemneuro.0c00446
http://doi.org/10.5455/JPMA.20
http://doi.org/10.1016/j.npbr.2020.05.008
http://doi.org/10.1007/s13365-020-00840-5
http://doi.org/10.1016/j.cmi.2020.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33189873
http://doi.org/10.1016/S1474-4422(20)30221-0
http://doi.org/10.1016/j.neurol.2020.10.001
http://doi.org/10.1111/ene.14966
http://www.ncbi.nlm.nih.gov/pubmed/34655265
http://doi.org/10.1111/ENE.14975
http://doi.org/10.1177/1756286420985175
http://doi.org/10.1186/1746-1340-15-4
https://www.ncbi.nlm.nih.gov/books/NBK554327/figure/ch11.Fig5/?report=objectonly
https://www.uptodate.com/contents/covid-19-neurologic-complications-and-management-of-neurologic-conditions#H431248232
https://www.uptodate.com/contents/covid-19-neurologic-complications-and-management-of-neurologic-conditions#H431248232


J. Clin. Med. 2022, 11, 981 11 of 12

21. Bernard-Valnet, R.; Perriot, S.; Canales, M.; Pizzarotti, B.; Caranzano, L.; Castro-Jiménez, M.; Epiney, J.-B.; Vijiala, S.; Salvioni-
Chiabotti, P.; Anichini, A.; et al. Encephalopathies Associated With Severe COVID-19 Present Neurovascular Unit Alterations
Without Evidence for Strong Neuroinflammation. Neurol.-Neuroimmunol. Neuroinflammation 2021, 8, e1029. [CrossRef]

22. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444–1448. [CrossRef]

23. Yalcin, H.C.; Sukumaran, V.; Al-Ruweidi, M.K.A.A.; Shurbaji, S. Do Changes in ACE-2 Expression Affect SARS-CoV-2 Virulence
and Related Complications: A Closer Look into Membrane-Bound and Soluble Forms. Int. J. Mol. Sci. 2021, 22, 6703. [CrossRef]

24. Alenina, N.; Bader, M. ACE2 in Brain Physiology and Pathophysiology: Evidence from Transgenic Animal Models. Neurochem.
Res. 2019, 44, 1323–1329. [CrossRef]

25. Hernández, V.S.; Zetter, M.A.; Guerra, E.C.; Hernández-Araiza, I.; Karuzin, N.; Hernández-Pérez, O.R.; Eiden, L.E.; Zhang, L.
ACE2 expression in rat brain: Implications for COVID-19 associated neurological manifestations. Exp. Neurol. 2021, 345, 113837.
[CrossRef] [PubMed]

26. Yachou, Y.; El Idrissi, A.; Belapasov, V.; Benali, S.A. Neuroinvasion, neurotropic, and neuroinflammatory events of SARS-CoV-2:
Understanding the neurological manifestations in COVID-19 patients. Neurol. Sci. 2020, 41, 2657–2669. [CrossRef]

27. Morgello, S. Coronaviruses and the central nervous system. J. Neurovirol. 2020, 26, 459–473. [CrossRef]
28. Valeri, A.; Chiricosta, L.; Calcaterra, V.; Biasin, M.; Cappelletti, G.; Carelli, S.; Zuccotti, G.V.; Bramanti, P.; Pelizzo, G.;

Mazzon, E.; et al. Transcriptomic analysis of hcn-2 cells suggests connection among oxidative stress, senescence, and neuron
death after sars-cov-2 infection. Cells 2021, 10, 2189. [CrossRef] [PubMed]

29. Johansson, A.; Mohamed, M.S.; Moulin, T.C.; Schiöth, H.B. Neurological manifestations of COVID-19: A comprehensive literature
review and discussion of mechanisms. J. Neuroimmunol. 2021, 358, 577658. [CrossRef] [PubMed]

30. Ramani, A.; Müller, L.; Ostermann, P.N.; Gabriel, E.; Abida-Islam, P.; Müller-Schiffmann, A.; Mariappan, A.; Goureau, O.; Gruell,
H.; Walker, A.; et al. SARS -CoV-2 targets neurons of 3D human brain organoids. EMBO J. 2020, 39, e106230. [CrossRef]

31. Panciani, P.P.; Saraceno, G.; Zanin, L.; Renisi, G.; Signorini, L.; Battaglia, L.; Fontanella, M. SARS-CoV-2: “Three-steps” infection
model and CSF diagnostic implication. Brain Behav. Immun. 2020, 87, 128–129. [CrossRef]

32. Franke, C.; Ferse, C.; Kreye, J.; Reincke, S.M.; Sanchez-Sendin, E.; Rocco, A.; Steinbrenner, M.; Angermair, S.; Treskatsch, S.;
Zickler, D.; et al. High frequency of cerebrospinal fluid autoantibodies in COVID-19 patients with neurological symptoms. Brain
Behav. Immun. 2021, 93, 415–419. [CrossRef]

33. Ehrenfeld, M.; Tincani, A.; Andreoli, L.; Cattalini, M.; Greenbaum, A.; Kanduc, D.; Alijotas-Reig, J.; Zinserling, V.; Semenova, N.;
Amital, H.; et al. Covid-19 and autoimmunity. Autoimmun. Rev. 2020, 19, 102597. [CrossRef]

34. Parsons, T.; Banks, S.; Bae, C.; Gelber, J.; Alahmadi, H.; Tichauer, M. COVID-19-associated acute disseminated encephalomyelitis
(ADEM). J. Neurol. 2020, 267, 2799–2802. [CrossRef] [PubMed]

35. Guilmot, A.; Slootjes, S.M.; Sellimi, A.; Bronchain, M.; Hanseeuw, B.; Belkhir, L.; Yombi, J.C.; De Greef, J.; Pothen, L.;
Yildiz, H.; et al. Immune-mediated neurological syndromes in SARS-CoV-2-infected patients. J. Neurol. 2021, 268, 751–757.
[CrossRef] [PubMed]

36. Mulder, J.; Lindqvist, I.; Rasmusson, A.J.; Husén, E.; Rönnelid, J.; Kumlien, E.; Rostami, E.; Virhammar, J.; Cunningham, J.L.
Indirect immunofluorescence for detecting anti-neuronal autoimmunity in CSF after COVID-19—Possibilities and pitfalls. Brain
Behav. Immun. 2021, 94, 473–474. [CrossRef] [PubMed]

37. Miller, E.H.; Namale, V.S.; Kim, C.; Dugue, R.; Waldrop, G.; Ciryam, P.; Chong, A.M.; Zucker, J.; Miller, E.C.; Bain, J.M.; et al.
Cerebrospinal Analysis in Patients With COVID-19. Open Forum Infect. Dis. 2020, 7, ofaa501. [CrossRef]

38. Edén, A.; Simrén, J.; Price, R.W.; Zetterberg, H.; Gisslén, M. Neurochemical biomarkers to study CNS effects of COVID-19: A
narrative review and synthesis. J. Neurochem. 2021, 159, 61–77. [CrossRef]

39. Lewis, A.; Frontera, J.; Placantonakis, D.G.; Galetta, S.; Balcer, L.; Melmed, K.R. Cerebrospinal Fluid from COVID-19 Patients with
Olfactory/Gustatory Dysfunction: A Review. Clin. Neurol. Neurosurg. 2021, 207, 106760. [CrossRef]

40. Neumann, B.; Schmidbauer, M.L.; Dimitriadis, K.; Otto, S.; Knier, B.; Niesen, W.-D.; Hosp, J.A.; Günther, A.; Lindemann, S.;
Nagy, G.; et al. Cerebrospinal fluid findings in COVID-19 patients with neurological symptoms. J. Neurol. Sci. 2020, 418, 117090.
[CrossRef]

41. Moghimi, M.; Moghtader, A.; Jozpanahi, M.; Khodadadi, K.; Jafarzade, M.; Abbaspour, Z. Correlation between CSF biomarkers
and COVID-19 meningoencephalitis: A case series. Respir. Med. Case Rep. 2021, 32, 101335. [CrossRef]

42. Edén, A.; Kanberg, N.; Gostner, J.; Fuchs, D.; Hagberg, L.; Andersson, L.-M.; Lindh, M.; Price, R.W.; Zetterberg, H.; Gisslén, M.
CSF biomarkers in patients with COVID-19 and neurological symptoms. Neurology 2021, 96, e294–e300. [CrossRef]

43. Wang, M.; Li, T.; Qiao, F.; Wang, L.; Li, C.; Gong, Y. Coronavirus disease 2019 associated with aggressive neurological and mental
abnormalities confirmed based on cerebrospinal fluid antibodies. Medicine 2020, 99, e21428. [CrossRef]

44. Ladopoulos, T.; Zand, R.; Shahjouei, S.; Chang, J.J.; Motte, J.; James, J.C.; Katsanos, A.H.; Kerro, A.; Farahmand, G.; Far, A.V.; et al.
COVID-19: Neuroimaging Features of a Pandemic. J. Neuroimaging 2021, 31, 228–243. [CrossRef]

45. Kandemirli, S.G.; Dogan, L.; Sarikaya, Z.T.; Kara, S.; Akinci, C.; Kaya, D.; Kaya, Y.; Yildirim, D.; Tuzuner, F.; Yildirim, M.S.; et al.
Brain MRI Findings in Patients in the Intensive Care Unit with COVID-19 Infection. Radiology 2020, 297, E232–E235. [CrossRef]
[PubMed]

http://doi.org/10.1212/NXI.0000000000001029
http://doi.org/10.1126/science.abb2762
http://doi.org/10.3390/ijms22136703
http://doi.org/10.1007/s11064-018-2679-4
http://doi.org/10.1016/j.expneurol.2021.113837
http://www.ncbi.nlm.nih.gov/pubmed/34400158
http://doi.org/10.1007/s10072-020-04575-3
http://doi.org/10.1007/s13365-020-00868-7
http://doi.org/10.3390/cells10092189
http://www.ncbi.nlm.nih.gov/pubmed/34571838
http://doi.org/10.1016/j.jneuroim.2021.577658
http://www.ncbi.nlm.nih.gov/pubmed/34304141
http://doi.org/10.15252/embj.2020106230
http://doi.org/10.1016/j.bbi.2020.05.002
http://doi.org/10.1016/j.bbi.2020.12.022
http://doi.org/10.1016/j.autrev.2020.102597
http://doi.org/10.1007/s00415-020-09951-9
http://www.ncbi.nlm.nih.gov/pubmed/32474657
http://doi.org/10.1007/s00415-020-10108-x
http://www.ncbi.nlm.nih.gov/pubmed/32734353
http://doi.org/10.1016/j.bbi.2021.02.013
http://www.ncbi.nlm.nih.gov/pubmed/33631284
http://doi.org/10.1093/ofid/ofaa501
http://doi.org/10.1111/jnc.15459
http://doi.org/10.1016/j.clineuro.2021.106760
http://doi.org/10.1016/j.jns.2020.117090
http://doi.org/10.1016/j.rmcr.2020.101335
http://doi.org/10.1212/WNL.0000000000010977
http://doi.org/10.1097/MD.0000000000021428
http://doi.org/10.1111/jon.12819
http://doi.org/10.1148/radiol.2020201697
http://www.ncbi.nlm.nih.gov/pubmed/32384020


J. Clin. Med. 2022, 11, 981 12 of 12

46. Hernández-Fernández, F.; Sandoval Valencia, H.; Barbella-Aponte, R.A.; Collado-Jiménez, R.; Ayo-Martín, Ó.; Barrena, C.;
Molina-Nuevo, J.D.; García-García, J.; Lozano-Setién, E.; Alcahut-Rodriguez, C.; et al. Cerebrovascular disease in patients with
COVID-19: Neuroimaging, histological and clinical description. Brain A J. Neurol. 2020, 143, 3089–3103. [CrossRef] [PubMed]

47. Gulko, E.; Oleksk, M.; Gomes, W.; Ali, S.; Mehta, H.; Overby, P.; Al-Mufti, F.; Rozenshtein, A. MRI Brain Findings in 126 Patients
with COVID-19: Initial Observations from a Descriptive Literature Review. Am. J. Neuroradiol. 2020, 41, 2199–2203. [CrossRef]
[PubMed]

48. Katal, S.; Balakrishnan, S.; Gholamrezanezhad, A. Neuroimaging and neurologic findings in COVID-19 and other coronavirus
infections: A systematic review in 116 patients. J. Neuroradiol. 2021, 48, 43–50. [CrossRef] [PubMed]

49. Fotuhi, M.; Mian, A.; Meysami, S.; Raji, C.A. Neurobiology of COVID-19. J. Alzheimer’s Dis. 2020, 76, 3–19. [CrossRef] [PubMed]
50. Kremer, S.; Lersy, F.; Anheim, M.; Merdji, H.; Schenck, M.; Oesterlé, H.; Bolognini, F.; Messie, J.; Khalil, A.; Gaudemer, A.; et al.

Neurologic and neuroimaging findings in patients with COVID-19. Neurology 2020, 95, e1868–e1882. [CrossRef] [PubMed]
51. Picod, A.; Dinkelacker, V.; Savatovsky, J.; Trouiller, P.; Guéguen, A.; Engrand, N. SARS-CoV-2-associated encephalitis: Arguments

for a post-infectious mechanism. Crit. Care 2020, 24, 658. [CrossRef]
52. Lv, P.; Peng, F.; Zhang, Y.; Li, N.; Sun, L.; Wang, Y.; Hou, P.; Huang, T.; Wang, X.; Zhang, L. COVID-19-associated meningoen-

cephalitis: A care report and literature review. Exp. Ther. Med. 2021, 21, 362. [CrossRef] [PubMed]
53. Freire-Álvarez, E.; Guillén, L.; Lambert, K.; Baidez, A.; García-Quesada, M.; Andreo, M.; Alom, J.; Masiá, M.; Gutiérrez, F.

COVID-19-associated encephalitis successfully treated with combination therapy. Clin. Infect. Pract. 2020, 7, 100053. [CrossRef]
54. Efe, I.E.; Aydin, O.U.; Alabulut, A.; Çelik, Ö.; Aydin, K. COVID-19−Associated Encephalitis Mimicking Glial Tumor. World

Neurosurg. 2020, 140, 46–48. [CrossRef] [PubMed]
55. Mullaguri, N.; Sivakumar, S.; Battineni, A.; Anand, S.; Vanderwerf, J. COVID-19 Related Acute Hemorrhagic Necrotizing

Encephalitis: A Report of Two Cases and Literature Review. Cureus 2021, 13, e14236. [CrossRef] [PubMed]
56. Moriguchi, T.; Harii, N.; Goto, J.; Harada, D.; Sugawara, H.; Takamino, J.; Ueno, M.; Sakata, H.; Kondo, K.; Myose, N.; et al. A first

case of meningitis/encephalitis associated with SARS-Coronavirus-2. Int. J. Infect. Dis. 2020, 94, 55–58. [CrossRef] [PubMed]
57. Fukushima, E.F.A.; Nasser, A.; Bhargava, A.; Moudgil, S. Post-infectious focal encephalitis due to COVID-19. Germs 2021, 11,

111–115. [CrossRef] [PubMed]
58. Garg, R.K.; Paliwal, V.K.; Gupta, A. Encephalopathy in patients with COVID-19: A review. J. Med. Virol. 2021, 93, 206–222.

[CrossRef]
59. Umapathi, T.; Quek, W.M.J.; Yen, J.M.; Khin, H.S.W.; Mah, Y.Y.; Chan, C.Y.J.; Ling, L.M.; Yu, W.-Y. Encephalopathy in COVID-19

patients; viral, parainfectious, or both? eNeurologicalSci 2020, 21, 100275. [CrossRef] [PubMed]
60. Abildúa, M.A.; Atienza, S.; Monteiro, G.C.; Aguirre, M.E.; Aguayo, L.I.; Álvarez, E.F.; García-Azorín, D.; Montesinos, I.G.-O.;

Lezama, L.L.; Pérez, M.N.; et al. Encefalopatías y encefalitis durante la infección aguda por SARS-CoV2. Registro de la Sociedad
Española de Neurología SEN COVID-19. Neurología 2021, 36, 127–134. [CrossRef]

61. Lazraq, M.; Benhamza, S.; Saadaoui, S.; Hayar, S.; Louardi, M.; Moujahid, H.; Bensaid, A.; Miloudi, Y.; El Harrar, N. Encephalopa-
thy and COVID-19: A case report. Pan Afr. Med. J. 2021, 38, 139. [CrossRef] [PubMed]

62. Vandervorst, F.; Guldolf, K.; Peeters, I.; Vanderhasselt, T.; Michiels, K.; Berends, K.J.; Van Laethem, J.; Pipeleers, L.; Vincken, S.;
Seynaeve, L.; et al. Encephalitis associated with the SARS-CoV-2 virus: A case report. Interdiscip. Neurosurg. 2020, 22, 100821.
[CrossRef]

63. Kihira, S.; Delman, B.; Belani, P.; Stein, L.; Aggarwal, A.; Rigney, B.; Schefflein, J.; Doshi, A.; Pawha, P. Imaging Features of Acute
Encephalopathy in Patients with COVID-19: A Case Series. Am. J. Neuroradiol. 2020, 41, 1804–1808. [CrossRef]

64. Krett, J.D.; Jewett, G.A.; Elton-Lacasse, C.; Fonseca, K.; Hahn, C.; Au, S.; Koch, M.W. Hemorrhagic encephalopathy associated
with COVID-19. J. Neuroimmunol. 2020, 346, 577326. [CrossRef] [PubMed]

http://doi.org/10.1093/brain/awaa239
http://www.ncbi.nlm.nih.gov/pubmed/32645151
http://doi.org/10.3174/ajnr.A6805
http://www.ncbi.nlm.nih.gov/pubmed/32883670
http://doi.org/10.1016/j.neurad.2020.06.007
http://www.ncbi.nlm.nih.gov/pubmed/32603770
http://doi.org/10.3233/JAD-200581
http://www.ncbi.nlm.nih.gov/pubmed/32538857
http://doi.org/10.1212/WNL.0000000000010112
http://www.ncbi.nlm.nih.gov/pubmed/32680942
http://doi.org/10.1186/s13054-020-03389-1
http://doi.org/10.3892/etm.2021.9793
http://www.ncbi.nlm.nih.gov/pubmed/33732335
http://doi.org/10.1016/j.clinpr.2020.100053
http://doi.org/10.1016/j.wneu.2020.05.194
http://www.ncbi.nlm.nih.gov/pubmed/32479911
http://doi.org/10.7759/cureus.14236
http://www.ncbi.nlm.nih.gov/pubmed/33948421
http://doi.org/10.1016/j.ijid.2020.03.062
http://www.ncbi.nlm.nih.gov/pubmed/32251791
http://doi.org/10.18683/germs.2021.1247
http://www.ncbi.nlm.nih.gov/pubmed/33898348
http://doi.org/10.1002/jmv.26207
http://doi.org/10.1016/j.ensci.2020.100275
http://www.ncbi.nlm.nih.gov/pubmed/32984561
http://doi.org/10.1016/j.nrl.2020.11.013
http://doi.org/10.11604/pamj.2021.38.139.27845
http://www.ncbi.nlm.nih.gov/pubmed/33912309
http://doi.org/10.1016/j.inat.2020.100821
http://doi.org/10.3174/ajnr.A6715
http://doi.org/10.1016/j.jneuroim.2020.577326
http://www.ncbi.nlm.nih.gov/pubmed/32683185

	Introduction 
	Clinical Cases 
	Patient 1 
	Patient 2 
	Patient 3 

	Discussion 
	Conclusions 
	References

