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Abstract

Background and purpose: Neuropathological studies can elucidate the mechanisms of
nervous system damage associated with SARS-CoV-2 infection. Despite literature on this
topic is rapidly expanding, correlations between neurological symptoms and brain pathol-
ogy findings in COVID-19 patients remain largely unknown.

Methods: We performed a systematic literature review on neuropathological studies in
COVID-19, including 438 patients from 45 articles published by April 22, 2021. We re-
trieved quantitative data regarding demographic, clinical, and neuropathological findings.
We carried out a Wilcoxon rank sum test or X2 test to compare patients' subgroups based
on different clinical and brain pathology features.

Results: Neuropathological findings in COVID-19 patients were microgliosis (52.5%),
astrogliosis (45.6%), inflammatory infiltrates (44.0%), hypoxic-ischemic lesions (40.8%),
edema (25.3%), and hemorrhagic lesions (20.5%). SARS-CoV-2 RNA and proteins were
identified in brain specimens of 41.9% and 28.3% of subjects, respectively. Detailed
clinical information was available from 245 patients (55.9%), and among them, 96 sub-
jects (39.2%) had presented with neurological symptoms in association with typical
COVID-19 manifestations. We found that: (i) the detection rate of SARS-CoV-2 RNA and
proteins in brain specimens did not differ between patients with versus those without
neurological symptoms; (ii) brain edema, hypoxic-ischemic lesions, and inflammatory in-
filtrates were more frequent in subjects with neurological impairment; (iii) neurological
symptoms were more common among older individuals.

Conclusions: Our systematic revision of clinical correlates in COVID-19 highlights the
pathogenic relevance of brain inflammatory reaction and hypoxic-ischemic damage
rather than neuronal viral load. This analysis indicates that a more focused study design is

needed, especially in the perspective of potential therapeutic trials.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) is an ongoing viral pan-
demic that emerged from Wuhan province in China and quickly spread
to the rest of the world [1]. This infection is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), an enveloped,
positive-sense, single-stranded RNA betacoronavirus responsible for
over 194 million confirmed infections and more than 4 million deaths
worldwide as of July 27, 2021 (https:/covid19.who.int). In most
cases, COVID-19 presents with fever and upper respiratory symp-
toms, especially dry cough and often shortness of breath. However,
5% of patients may develop a critical illness with severe pneumonia
leading to acute respiratory distress syndrome, disseminated coagu-
lopathy, multiple organ dysfunction syndrome, and eventually death
[2,3]. Morbidity and mortality are more common in the elderly and in
patients with comorbidities, including cardiovascular disease, arterial
hypertension, obesity, and diabetes mellitus [4]. Nevertheless, young
people with no comorbidities can also develop a critical illness [5].

Although involvement of the respiratory system is the most relevant
clinical feature in COVID-19 patients, neurological symptoms have been
widely reported [6-8]. Neurological manifestations associated with
SARS-CoV-2 infection can affect both the central and peripheral ner-
vous system and range widely from mild taste and smell disturbances to
more serious conditions, such as acute cerebrovascular disease, dissem-
inated encephalomyelitis, or Guillain-Barré syndrome [6-10].

The underlying pathogenic mechanisms of neurological involve-
ment are still unclear. Both direct cytopathic effects mediated by
SARS-CoV-2 replication and indirect effects due to respiratory failure
with brain hypoxia, cytokine reaction, or parainfectious autoimmune
response have been proposed [11]. Although direct and indirect mecha-
nisms could coexist in COVID-19 patients with neurological impairment,
in most cases the prevailing pathophysiology remains to be addressed.

Only a few authors have identified SARS-CoV-2 in the cerebro-
spinal fluid of COVID-19 patients [12-14]. However, in most clini-
cal studies reporting neurological symptoms, the virus was neither
searched nor detected in the cerebrospinal fluid.

In this critical review, we focused on neuropathological findings
and their clinical correlations in COVID-19. Although the number of
these postmortem studies is not comparable to the number of re-
ports on neurological manifestations, we believe that an in-depth
characterization of SARS-CoV-2-related brain pathology, including
assessment of viral proteins and RNA in brain specimens, is cru-
cial for understanding the etiology of neurological symptoms in
COVID-19 patients. Moreover, incorporation of neuropathological
and molecular findings from brain tissue of subjects with COVID-19
and neurological symptoms could also provide valuable clues for the
best management practices and for guiding future research.

METHODS

This systematic review was conducted according to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses

guidelines [15] (Figure 1). Studies eligible for inclusion were those
dealing with neuropathological characteristics of COVID-19 pa-
tients. Studies published by April 22, 2021 were identified from
the National Library of Medicine's MEDLINE database. We utilized
the following comprehensive Medical Subject Headings terms:
(COVID-19 OR SARS-CoV-2 OR "severe acute respiratory syndrome
coronavirus 2" OR "novel coronavirus disease 2019" OR "2019 novel
coronavirus" OR "2019 nCoV") AND (CNS OR PNS OR brain OR cer-
ebrum OR cerebral OR cerebellum OR cerebellar OR brainstem OR
thalamus OR thalamic OR hippocampus OR hippocampal OR pons
OR pontine OR medulla oblongata OR neurological OR nervous sys-
tem OR neuron OR nerve OR neural OR encephalitis). Reference lists
of identified articles were further reviewed to search for additional
studies. Randomized controlled trials, nonrandomized controlled
trials, case-control studies, cohort studies, cross-sectional studies,
case series, case reports, brief reports, and letters to the editor were
all included in the study. Exclusion criteria were: (i) articles not in
English, (ii) animal studies, (iii) reviews and other types of articles
(e.g., editorials, conference abstracts, commentaries) not reporting
original findings. We did not apply any restrictions on age, sex, or
ethnicity of patients in the studies.

All abstracts or full articles without electronic abstracts were
reviewed independently by two different authors, who both went
through each phase of the review independently (screening, eli-
gibility, inclusion, and quality assessment) to identify potentially
relevant studies and evaluate their reliability and risk of bias. The
Murad tool for noncomparative cohorts and case reports or case
series, and the Newcastle-Ottawa Scale for comparative cohorts
and cross-sectional studies were used for quality assessment of
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the included studies [16,17]. We considered “poor,” “moderate,” or
“good” quality when three or fewer, four, or five of the criteria were
fulfilled in the Murad tool, respectively, and three points or fewer,
four to five, or six and above in the Newcastle-Ottawa Scale, re-
spectively. Disagreement was resolved by discussion with the other
investigator.

The following main features from individual patients were con-
sidered when reported: (i) demographic characteristics (i.e., age and
gender), (ii) presence or absence of cardiovascular risk factors from
medical history (at least one among arterial hypertension, diabetes
mellitus, dyslipidemia, coronary artery disease, or previous stroke),
(iii) presence or absence of neurological symptoms concurrent to or
following the onset of typical COVID-19 manifestations, (iv) pres-
ence or absence of SARS-CoV-2 RNA or proteins in brain specimens,
and (v) presence or absence of main alterations at gross and micro-
scopic examination of brain samples (i.e., edema, hypoxic-ischemic
lesions, hemorrhagic lesions, microgliosis, astrogliosis, and inflam-
matory infiltrates). Patients' subgroups featured by different brain
pathology findings were compared by age, gender, and presence or
absence of cardiovascular risk factors or neurological symptoms.
Comparisons of brain pathology findings based on detection rate of
SARS-CoV-2 RNA or proteins in brain specimens were also carried
out. Differences between subgroups were analyzed by means of
Wilcoxon rank sum test or Pearson X2 test, as appropriate. Level of
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FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram.

statistical significance was set at a 0.05. Because of the exploratory
nature of these analyses, we did not use correction for multiple com-
parisons to avoid type Il error. Statistical analyses were performed
using JMP Pro 14.0 (SAS Institute, Cary, NC).

RESULTS

We selected a final number of 45 articles, which provided a cumula-
tive sample of 438 COVID-19 patients with available brain pathol-
ogy (see Appendix S1 for the list of articles, and Appendix S2 for
a summary of the main characteristics of these studies). The qual-
ity was rated “good” in 18 articles (40.0%), “moderate” in 20 arti-
cles (44.4%), and “poor” in seven articles (15.6%) (see Appendix S2
for details). In one article, the histopathological examination was
performed on in vivo brain samples obtained from surgical inter-
vention, whereas in all other articles the neuropathology was in-
vestigated on postmortem brain specimens. SARS-CoV-2 RNA was
searched on brain samples in 24 studies, using real-time reverse

transcriptase-polymerase chain reaction (RT-PCR) in 22 articles and
through in situ hybridization in nine articles. Of note, both tech-
niques of SARS-CoV-2 RNA detection were used in seven studies.
SARS-CoV-2 proteins were searched in 14 articles by means of im-
munohistochemistry. Gross and microscopic brain pathology was
analyzed in 39 articles. Only four studies investigated the presence
of viral particles using electron microscopy. Information on clini-
cal neurological involvement could be retrieved in 36 of the 45 se-
lected articles, thus the correlation between presence/absence of
neurological symptoms and neuropathological features was evalu-
ated in these 36 articles. Findings from the different studies are
shown in Tables 1 through 3 in the form of proportions, namely
as the number of cases with a particular neuropathological feature
divided by the total sample of interest.

Age was indicated for 302 subjects (median: 69 years; range:
5-98 years). Gender was reported for 318 patients (220 males,
69.2%). Medical history was available from 334 individuals
(76.3%), and in particular, cardiovascular risk factors were pres-
ent in 244 subjects (73.1%). Information on presence or absence
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TABLE 1 Cumulative brain pathology findings and comparisons based on neurological symptoms in COVID-19 patients
Neurological symptoms
Brain pathology findings® Total sample Yes No p value
SARS-CoV-2 RNA Yes 104/248 (41.9%) 41/78 (52.6%) 37/78 (47.4%) 0.097
No 144/248 (58.1%) 23/60 (38.3%) 37/60 (61.7%)
SARS-CoV-2 proteins Yes 51/179 (28.3%) 17/29 (58.6%) 12/29 (41.4%) 0.929
No 128/179 (71.7%) 60/104 (57.7%) 44/104 (42.3%)
Edema Yes 73/289 (25.3%) 25/45 (55.6%) 20/45 (44.4%) 0.024
No 216/289 (74.7%) 46/127 (36.2%) 81/127 (63.8%)
Hypoxic-ischemic lesions® Yes 138/338 (40.8%) 53/109 (48.6%) 56/109 (51.4%) <0.001
No 200/338 (59.2%) 27/112 (24.1%) 85/112 (75.9%)
Hemorrhagic lesions® Yes 57/278 (20.5%) 16/39 (41.0%) 23/39 (59.0%) 0.261
No 221/278 (79.5%) 43/137 (31.4%) 94/137 (68.6%)
Microgliosis Yes 147/280 (52.5%) 25/67 (37.3%) 42/67 (62.7%) 0.318
No 133/280 (47.5%) 34/113 (30.1%) 79/113 (69.9%)
Astrogliosis Yes 130/285 (45.6%) 23/58 (39.7%) 35/58 (60.3%) 0.292
No 155/285 (54.4%) 36/114 (31.6%) 78/114 (68.4%)
Inflammatory infiltrates Yes 144/332 (44.0%) 30/64 (46.9%) 34/64 (53.1%) 0.004
No 188/332 (56.0%) 30/116 (25.9%) 86/116 (74.1%)
Note: Data are reported as number of patients (percent). p values were obtained by comparing patients with versus those without neurological
symptoms using the Pearson X2 test. Significant p values are bolded.
Viral particles were found by means of electron microscopy in three out of four subjects.
PIntraparenchymal intravascular microthrombi with focal microscopic cortical or deep recent infarcts were detected in 47 patients (13.9%).
“Perivascular microhemorrhages were reported in 20 subjects (7.2%).
dperivascular inflammatory cell infiltration or endotheliitis suggesting vasculitis were observed in 122 patients (36.7%).
TABLE 2 . Cc?mparisons of brain SARS-CoV—-2 RNA
pathology findings based on SARS-CoV-2 p
RNA in COVID-19 patients Brain pathology findings Yes No value
Edema Yes 26/64 (40.6%) 38/64 (59.4%) 0.663
No 38/86 (44.2%) 48/86 (55.8%)
Hypoxic-ischemic lesions Yes 39/86 (45.3%) 47/86 (54.7%) 0.951
No 35/78 (44.9%) 43/78 (55.1%)
Hemorrhagic lesions Yes 14/35 (40.0%) 21/35 (60.0%) 0.465
No 61/130 (46.9%) 69/130 (53.1%)
Microgliosis Yes 36/90 (40.0%) 54/90 (60.0%) 0.146
No 38/74 (51.4%) 36/74 (48.6%)
Astrogliosis Yes 35/88 (39.8%) 53/88 (60.2%) 0.161
No 39/77 (50.6%) 38/77 (49.4%)
Inflammatory infiltrates Yes 34/86 (39.5%) 52/86 (60.5%) 0.131
No 40/78 (51.3%) 38/78 (48.7%)

Note: Data are reported as
Xz test.

of neurological symptoms or disorders associated with COVID-19
could be retrieved only for 245 patients (55.9%), and among them,
96 subjects (39.2%) presented with neurological symptoms (see
Table 4 for details). Patients with neurological symptoms were
older than those without neurological impairment (median age: 69

number of patients (percent). p values were obtained using the Pearson

vs. 66 years, respectively; p = 0.038), whereas no significant dif-
ferences were observed in regard to gender (56 males/26 females
vs. 106 males/43 females, respectively; p = 0.596), and presence
(Y) or absence (N) of cardiovascular risk factors (54 Y/18 N vs. 106
Y/42 N, respectively; p = 0.598).
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SARS-CoV-2 proteins

TABLE 3 Comparisons of brain
pathology findings based on SARS-CoV-2

Brain pathology findings Yes No p value proteins in COVID-19 patients

Edema Yes 21/38(55.3%) 17/38 (44.7%) <0.001
No 21/88 (23.9%) 67/88 (76.1%)

Hypoxic-ischemic lesions  Yes 20/83 (24.1%) 63/83(75.9%) 0.705
No 19/71 (26.8%) 52/71(73.2%)

Hemorrhagic lesions Yes 1/14 (7.1%) 13/14 (92.9%) 0.241
No 28/140 (20.0%) 112/140 (80.0%)

Microgliosis Yes 17/100 (17.0%) 83/100 (83.0%) 0.429
No 12/54 (22.2%) 42/54 (77.8%)

Astrogliosis Yes 17/107 (15.9%) 90/107 (84.1%) 0.159
No 12/47 (25.5%) 35/47 (74.5%)

Inflammatory infiltrates Yes 17/108 (15.7%) 91/108 (84.3%) 0.133
No 12/46 (26.1%) 34/46 (73.9%)

Note: Data are reported as number of patients (percent). p values were obtained using the Pearson

xz test. Significant p values are bolded.

TABLE 4 Characterization of neurological symptoms or
disorders in COVID-19 patients

No. of

patients,
Neurological symptoms/disorders n=296 %
Altered mental status 62 64.6
Headache 13 13.5
Pupillary abnormalities 7 7.3
Speech alterations 5 5.2
Seizure 5 52
Hypogeusia/ageusia 5 5.2
Postural instability/gait disorders 4 4.2
Hyposmia/anosmia 3 3.1
Stroke 2 21
Hypoxic encephalopathy 2 2.1
Necrotizing encephalopathy 1 1.0
Sensory symptoms 1 1.0
Lower limb weakness 1 1.0

Detection of SARS-CoV-2 RNA was not associated with the
presence of neurological symptoms, gender, or history of cardio-
vascular risk factors (Tables 1 and 5). Instead, a significant dif-
ference emerged when considering age, because patients with
SARS-CoV-2 RNA-positive brain specimens were older than sub-
jects with negative brain samples (median age: 71.5 vs. 66 years)
(Table 5).

Identification of SARS-CoV-2 proteins was not related to the pres-
ence of neurological symptoms, age, or cardiovascular risk factors,
whereas we found an association with gender (Tables 1 and 5). Brain
samples positive for SARS-CoV-2 proteins were more frequently identi-
fied in females (23 out of 54, 42.6%) than in males (23 out of 106, 21.7%).

TABLE 5 Comparisons of brain pathology findings with age,
gender, and presence of cardiovascular risk factors in COVID-19
patients

Brain pathology Cardiovascular

findings Age Gender risk factors

SARS-CoV-2 RNA  <0.001 0.163 0.689

SARS-CoV-2 0.244 0.006 0.500
proteins

Edema 0.728 0.527 0.402

Hypoxic-ischemic 0.227 0.345 <0.001
lesions

Hemorrhagic 0.165 0.664 0.114
lesions

Microgliosis 0.003 0.611 0.906

Astrogliosis 0.027 0.659 0.751

Inflammatory 0.009 0.780 0.659

infiltrates

Note: Data are reported as p values, which were obtained using the
Pearson X2 test. Significant p values are bolded.

Presence of edema was not related to age, gender, or history of
cardiovascular risk factors, but was associated with the presence of
neurological symptoms (Tables 1 and 5). Subjects with edema more
frequently had neurological manifestations.

Detection of hypoxic-ischemic lesions was not associated with
age or gender, but differed based on the presence of neurologi-
cal symptoms and cardiovascular risk factors (Tables 1 and 5). In
particular, neurological symptoms were more often reported in
subjects with hypoxic-ischemic lesions. Similarly, hypoxic-ischemic
lesions were more common in the patients’ group with cardiovas-
cular risk factors (101 out of 201, 50.2%), with respect to subjects
without cardiovascular risk factors (18 of 76, 23.7%).
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Identification of hemorrhagic lesions did not differ with regard
to the presence of neurological symptoms, age, gender, or history of
cardiovascular risk factors (Tables 1 and 5).

Evidence of microgliosis or astrogliosis was not related to the oc-
currence of neurological symptoms, gender, or cardiovascular risk
factors (Tables 1 and 5). Instead, these brain pathology findings were
associated with patients' age, because subjects with microgliosis or
astrogliosis were older than patients without these neuropatholog-
ical alterations (median age: 71 vs. 64 years for microgliosis, 70 vs.
63 years for astrogliosis; Table 5).

Identification of inflammatory infiltrates was not related to
gender or history of cardiovascular risk factors, but was associ-
ated with the presence of neurological symptoms and patients' age
(Tables 1 and 5). Neurological symptoms were more often observed
in individuals with inflammatory infiltrates. Moreover, subjects with
inflammatory infiltrates were older than those without this neuro-
pathological feature (median age: 71 vs. 64 years).

Comparisons of brain pathology findings based on presence or
absence of SARS-CoV-2 RNA or proteins in COVID-19 patients are
shown in Tables 2 and 3, respectively. The only significant associa-
tion was found between edema and presence of SARS-CoV-2 pro-
teins (Table 3). In particular, edema was more common among brain
specimens positive for SARS-CoV-2 proteins.

Several studies analyzed samples from different brain areas,
whereas in other cases the sampling site was not specified. A quanti-
tative summary of these available neuropathological data is depicted
in Tables 6 and 7.

TABLE 6 Detection rate of SARS-CoV-2 RNA and proteins in
COVID-19 patients in different brain areas

SARS-CoV-2 SARS-CoV-2
Brain areas RNA,n =104 proteins, n =51
Cerebrum 29 (27.9%) 17 (33.3%)
Cerebellum 28 (26.9%) 2 (3.9%)
Brainstem 38 (36.5%) 17 (33.3%)
Olfactory bulb/nerve 27 (26.0%) 4 (7.8%)
Not specified region 26 (25.0%) 17 (33.3%)

Note: Data are reported as number of patients (percent).

DISCUSSION

An increasing number of studies have shown that SARS-CoV-2 in-
fection can be associated with both peripheral and central nervous
system impairment, which may contribute to worsen the prognosis
in COVID-19 patients [6-9,18]. Evidence on the spectrum of neuro-
pathological findings in subjects who died from COVID-19 appeared
late because of initial uncertainties about the neurotropism of SARS-
CoV-2 and a major focus on lung pathology. Nevertheless, the un-
derstanding of the neuropathology related to SARS-CoV-2 infection
is rapidly evolving and it is more and more crucial to gather insights
into the pathogenic mechanisms responsible for neurological mani-
festations in COVID-19 patients. To our knowledge, this is the first
systematic review that quantitatively reports available data on brain
pathology and neurological symptoms, aiming at exploring clinical
correlates of neuropathological findings in a large cumulative sam-
ple of COVID-19 patients. The results of statistical analyses provide
interesting clues on the possible pathophysiology underlying the
neurological involvement in subjects with COVID-19.

Detection rates of SARS-CoV-2 RNA and proteins did not differ
between COVID-19 patients with versus those without neurological
symptoms. This first finding is in line with the prevailing hypothe-
sis that, in most subjects, neurological symptoms associated with
COVID-19 do not arise from direct cytopathic effects mediated
by SARS-CoV-2. Such a view is also consistent with the results of
studies showing that the severity of neurological symptoms or neu-
ropathological alterations does not correlate with SARS-CoV-2 de-
tection in brain specimens [19,20]. Of relevance, the relatively low
identification rates (about 42%) and the low levels of viral RNA cast
doubt on the real presence of SARS-CoV-2 in the brain. It has been
argued that detection of SARS-CoV-2 RNA in brain samples could
derive from hematogenous viral RNA or viral contamination during
different stages of the autopsy [20]. This suggestion is further cor-
roborated by the even lower detection rates of SARS-CoV-2 proteins
(about 28%) as well as of viral RNA when using in situ hybridization,
which is a more reliable detection technique with respect to the
most widely used RT-PCR [20].

On the other hand, edema, hypoxic-ischemic lesions, and inflam-
matory infiltrates were more frequently observed in brain specimens
from COVID-19 patients with neurological impairment as compared
to subjects without neurological symptoms. This evidence would
support a role of brain inflammatory reaction and hypoxic-ischemic

TABLE 7 Detection rate of brain pathology findings in COVID-19 patients in different brain areas

Edema, Hypoxic-ischemic Hemorrhagic Microgliosis, Astrogliosis, Inflammatory
Brain areas n=73 lesions, n = 138 lesions, n =57 n =147 n=130 infiltrates, n = 144
Cerebrum 30 (41.1%) 119 (86.2%) 21 (36.8%) 58 (39.5%) 26 (20.0%) 29 (20.1%)
Cerebellum 8(11.0%) 68 (49.3%) 10 (17.5%) 45 (30.6%) 10 (7.7%) 11 (7.6%)
Brainstem 22(30.1%) 51 (37.0%) 16 (28.1%) 70 (47.6%) 33(25.4%) 24 (16.7%)
Olfactory bulb/nerve 2(2.7%) 0 0 19 (12.9%) 9 (6.9%) 13 (9.0%)
Not specified region 44 (60.3%) 16 (11.6%) 25 (43.9%) 64 (43.5%) 81 (62.3%) 113 (78.5%)

Note: Data are reported as number of patients (percent).
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damage rather than neuronal viral invasion in determining the neu-
rological involvement associated with SARS-CoV-2 infection.

More than 25% of COVID-19 patients have shown varying degrees
of brain edema, leading to flattened brain surface, widened gyri, nar-
rowed sulci, and meningeal congestion with diffuse discoloration of
the gray-white matter junction [6,21]. Although the pathogenesis of
brain edema remains to be elucidated, the presence of inflammatory
cell infiltration surrounding the edematous tissues suggests that edema
might result from a host-specific inflammatory response [6,21]. SARS-
CoV-2 can induce an exaggerated immune-mediated response to viral
infection capable of damaging damage blood vessel walls and increasing
vascular permeability in the brain [22].

Hypoxic-ischemic lesions were found in brain specimens of
about 41% of cases. This finding is not unexpected, considering
that COVID-19 patients may develop severe hypoxia due to re-
spiratory failure or as a complication of protracted hypotension
during cardiac arrest [23]. Hypoxia per se might cause a hyperco-
agulable condition leading to microthrombotic brain vessel occlu-
sion and ischemic damage [24]. Direct activation of the coagulation
cascade by a cytokine storm and endothelial dysfunction may also
contribute to a procoagulant state in COVID-19 [25]. Of inter-
est, the evidence of megakaryocytes in cortical capillaries from
COVID-19 patients could play a major role in causing brain isch-
emic alterations by obstructing microvascular blood flow [26]. It
is noteworthy that hypoxic-ischemic lesions were more commonly
reported in patients with cardiovascular risk factors. On the one
hand, hypoxic ischemic lesions could be at least partly preexisting
in some cases. On the other hand, microvascular changes due to
cardiovascular risk factors, such as arterial hypertension or dia-
betes mellitus, could foster the occurrence of hypoxic-ischemic
lesions in COVID-19 patients. This latter hypothesis is in keeping
with the evidence of an increased risk of vascular events in sub-
jects with COVID-19 [27], and with findings of worse outcome of
COVID-19 when premorbid vascular risk factors and diseases are
present [28].

T-cell lymphocyticinfiltrates were found in 44% of the brain sam-
ples from COVID-19 patients. Again, both direct viral infection and
host-specific inflammatory response could be involved [19,29,30].
The second hypothesis may be corroborated by the finding of no
association between detection rate of SARS-CoV-2 RNA or proteins
and inflammatory infiltration in our analysis. This suggestion is fur-
ther supported by the evidence that inflammatory cell infiltration
similar to that of COVID-19 can be encountered in patients with sep-
sis or systemic inflammation [29].

The cumulative examination of brain specimens revealed hem-
orrhagic lesions with different extension, from perivascular micro-
hemorrhages to larger intracerebral and subarachnoid hemorrhages,
in more than 20% of subjects with COVID-19, in the absence of any
association with neurological manifestations. The mechanisms re-
sponsible for COVID-19 patients' susceptibility to develop intracra-
nial hemorrhages remain unclear [31]. The tropism of SARS-CoV-2
toward the endothelial cells via their angiotensin-converting enzyme
Il receptors could play a role [32,33], also according to the evidence

of viral particles within endothelial cells and accumulation of inflam-
matory cells leading to the death of endothelial cells [25]. Additional
pathogenic mechanisms underlying cerebral hemorrhagic lesions
associated with SARS-CoV-2 infection could include disseminated
intravascular coagulation and concomitant anticoagulation therapy
[34].

A variable degree of microgliosis and astrogliosis was seen in
about half of the cases, often in association with T-cell lymphocytic
infiltrates, but without any association with the presence of neuro-
logical symptoms. It has been supposed that in COVID-19 patients,
microglial activation could be induced by increased levels of sys-
temic cytokines, including interleukin-6 and interferon-y [35,36].
Microglial activation would allow the phagocytosis of dying neu-
rons as described in hypoxic and systemic inflammatory conditions
[37,38]. As for microgliosis, activation of astrocytes represents an
essential part of the response of the central nervous system to in-
jury, being involved in mechanisms of neural protection and repair
after damage of different etiologies [39]. As both microgliosis and as-
trogliosis occur in a variety of medical conditions, and critical iliness
can contribute to their induction, the causal connection to SARS-
CoV-2 infection remains uncertain [19,37]. Our findings showed no
association between detection rate of SARS-CoV-2 RNA or proteins
and microgliosis or astrogliosis, thus supporting the hypothesis that
these neuropathological alterations may represent nonspecific re-
sponses of the brain. In line with this view, Deigendesch et al. [29]
failed to detect differences when comparing the extent of microglial
activation between subjects with COVID-19 and patients who died
from septic conditions.

Our analysis for different brain areas has highlighted that mi-
crogliosis, and to a lesser extent astrogliosis and inflammatory cell
infiltration, were more frequent in the brainstem. Whether this is a
consequence of an increased vulnerability to inflammatory stress of
brainstem structures, or of a greater susceptibility to a direct cyto-
pathic viral damage, remains to be ascertained [19]. Furthermore, we
observed a greater prevalence of brain specimens featured by micro-
gliosis, astrogliosis, and inflammatory infiltrates among older patients,
whereas no association between these neuropathological findings
and gender or cardiovascular risk factors was found. This finding may
be not surprising considering that age is a well-recognized negative
prognostic factor for morbidity and mortality in COVID-19 [40]. Also,
the detection rate of SARS-CoV-2 RNA, but not of SARS-CoV-2 pro-
teins, was higher in the older population, though RNA levels were al-
ways low and more likely compatible with contamination from blood
viremia [37,41]. It may be supposed that an increased presence of
viral RNA in the blood within brain samples could be detected in older
patients, who more frequently present a severe disease and higher
viral load [42]. Moreover, age might correlate with the evidence of
neurological manifestations, as supported by our finding that patients
with COVID-19-related neurological symptoms were older than sub-
jects who did not shown any evidence of neurological impairment.
Thus, age could represent a risk factor not only for COVID-19 severity
[40], but also for the onset of neurological symptoms associated with
SARS-CoV-2 infection.
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Gender differences in hospitalization and mortality rate of
COVID-19 patients have emerged since the beginning of the pan-
demic, with evidence that SARS-CoV-2 infection causes more severe
symptoms and higher mortality among men [43,44]. Differences in
immune phenotypes between men and women are supposed to be
involved [45]. An unexpected finding of our analysis was that detec-
tion rate of SARS-CoV2 proteins was greater in brain specimens from
women. In agreement, Mahallawi et al. [46] have shown that females
have a higher SARS-CoV-2 viral load in the blood. Taking into account
the observations in animal models that SARS-CoV-2 proteins can
cross the blood-brain barrier [47], it may be speculated that a greater
number of viral proteins could cross the blood-brain barrier in women
given their higher SARS-CoV-2 viral load.

A strength of this review is that we followed a systematic ap-
proach, providing unprecedented quantitative neuropathological and
clinical findings in COVID-19 patients from extensive analysis of lit-
erature. However, several limitations need to be considered, many of
which are related to the preliminary and descriptive nature of most
of the included studies. Several articles analyzed single case reports
or small case series, and appropriate age- and sex-matched controls
were lacking, thus limiting interpretation of the results. Additionally,
discrepancies among studies may partly be explained by great vari-
ability in the sampling procedures and histological processing of brain
specimens, differences in the site and extension of brain sampling,
and heterogeneity of the enrolled subjects, making the comparison
of findings less reliable. Furthermore, it is noteworthy that autopsy
studies have the limit to refer to the most severe cases. Therefore,
the neuropathological findings cannot be generalized to the entire
population of COVID-19 patients, who more often present less se-
vere forms of disease. It is worth noting that the time elapsed from
the onset of COVID-19 and autopsy as well as between the onset of
neurological symptoms and death may have influenced the detection
rates of viral RNA or proteins and other neuropathological findings.
Unfortunately, these pieces of information were not provided in the
selected articles, thus preventing further elaboration on these issues.
Hopefully, the cumulative findings from this review will stimulate the
accurate collection of more detailed data on these specific aspects
in future studies. Moreover, some of the articles included in this re-
view failed to report patients' neurological symptoms, whereas the
retrospective nature of the studies precluded the systematic use of
validated and standardized tools to collect reliable clinical data, also
including information on neurological manifestations. A separate
analysis of neuropathological findings based on type of neurological
involvement was hampered by the lack of detailed clinical informa-
tion in a large number of the selected articles. In addition, almost all
neurological symptoms or disorders in patients with available brain
pathology refer to central nervous system impairment (Table 4), thus
preventing any considerations about those subjects who reported
peripheral neurological syndromes. Lastly, the very high number of
articles retrieved with our search strategy may have caused mistakes
in the exclusion process. To minimize such possibility, two authors in-
dependently analyzed the original list of articles to ensure data quality
and accuracy.

In conclusion, although prevalence and meaning of neuropatho-
logical findings in patients who died from COVID-9 should be in-
terpreted with caution given the abovementioned limitations, the
results of this systematic review shed light on the pathogenic under-
pinning of COVID-19-related neurological complications. The evi-
dence from brain pathology that edema, hypoxic-ischemic lesions,
inflammatory infiltrates, but not viral RNA or proteins, were asso-
ciated with the presence of neurological symptoms in COVID-19
patients corroborates the hypothesis that neurological impairment
is likely due to brain inflammatory and hypoxic-ischemic damage
rather than to the controversial neurotropism of SARS-CoV-2.
Moreover, older individuals could show a higher risk of neurological
manifestations in the event of SARS-CoV-2 infection. Future stud-
ies are warranted to define the contribution of comorbidities, crit-
ical illness, treatments, genetic background, and immune status to
the neuropathological findings in COVID-19. Moreover, shared pro-
tocols for evaluation of brain specimens from COVID-19 patients
and accurate collection of clinical data will be necessary to confirm
the present findings in larger patient cohorts and to provide more
reliable information on the mechanisms of neurological impairment
associated with SARS-CoV-2 infection. A global effort to collect
clinical, instrumental, and neuropathological findings by means of
multicenter studies is advisable to obtain an in-depth characteriza-
tion of pathophysiological correlates of both central and peripheral

neurological disorders observed in COVID-19.
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