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ABSTRACT

The coronavirus SARS-CoV-2 (SCV2) causes acute respiratory distress, termed COVID-19 disease, with
substantial morbidity and mortality. As SCV2 is related to previously-studied coronaviruses that have been
shown to have the capability for brain invasion, it seems likely that SCV2 may be able to do so as well. To
date, although there have been many clinical and autopsy-based reports that describe a broad range of SCV2-
associated neurological conditions, it is unclear what fraction of these have been due to direct CNS invasion
versus indirect effects caused by systemic reactions to critical illness. Still critically lacking is a comprehensive
tissue-based survey of the CNS presence and specific neuropathology of SCV2 in humans. We conducted an
extensive neuroanatomical survey of RT-PCR-detected SCV2 in 16 brain regions from 20 subjects who died of
COVID-19 disease. Targeted areas were those with cranial nerve nuclei, including the olfactory bulb,
medullary dorsal motor nucleus of the vagus nerve and the pontine trigeminal nerve nuclei, as well as areas
possibly exposed to hematogenous entry, including the choroid plexus, leptomeninges, median eminence of
the hypothalamus and area postrema of the medulla. Subjects ranged in age from 38 to 97 (mean 77) with 9
females and 11 males. Most subjects had typical age-related neuropathological findings. Two subjects had
severe neuropathology, one with a large acute cerebral infarction and one with hemorrhagic encephalitis, that
was unequivocally related to their COVID-19 disease while most of the 18 other subjects had non-specific
histopathology including focal B-amyloid precursor protein white matter immunoreactivity and sparse
perivascular mononuclear cell cuffing. Four subjects (20%) had SCV2 RNA in one or more brain regions
including the olfactory bulb, amygdala, entorhinal area, temporal and frontal neocortex, dorsal medulla and
leptomeninges. The subject with encephalitis was SCV2-positive in a histopathologically-affected area, the
entorhinal cortex, while the subject with the large acute cerebral infarct was SCV2-negative in all brain regions.
Like other human coronaviruses, SCV2 can inflict acute neuropathology in susceptible patients. Much remains
to be understood, including what viral and host factors influence SCV2 brain invasion and whether it is cleared

from the brain subsequent to the acute iliness.
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INTRODUCTION

The coronavirus SARS-CoV-2 (SCV2) emerged in Wuhan, China, in late 2019 and then rapidly spread
worldwide. It causes severe acute respiratory distress with frequent systemic complications, termed COVID-19
disease, with substantial morbidity and mortality. As SCV2 shares RNA sequences with two previously studied
coronaviruses, SARS-CoV and MERS-CoV, that caused similar human syndromes, and as there is evidence
from both human autopsies and animal models that both of these may invade the brain and cause neurological
symptoms !, it seems likely that SCV2 may have similar capabilities. The human coronavirus OC43 has

12-14

caused acute encephalomyelitis in children , other coronaviruses have been associated with chronic

15-20

demyelinating disease in animal models , and there have been suggestions of an association with human

21

multiple sclerosis The mouse hepatitis virus MHV-A59, a coronavirus, and JHM strains of murine

22,23 24-27

coronaviruses are neurotropic and virulent in rodents and nonhuman primates Two human
coronaviruses, strains 229E and OC43, were detected by RT-PCR, Northern hybridization and in-situ
hybridization in 44% and 23%, respectively, of 90 human brains obtained from multiple brain banks throughout
Europe, the UK and USA 2!, suggesting that coronaviruses are capable of CNS invasion and persistence.
Although there have been many clinical reports and reviews that collectively describe a broad range of

neurological signs, symptoms and syndromes that have occurred in humans infected with SCv2 #3°

, itis still
unclear what fraction of these have been due to direct viral brain invasion versus indirect structural or
functional changes caused by systemic reactions to critical illness, including coagulopathy, sepsis,
autoimmune mechanisms or multiorgan failure *. The majority of neurological changes have not been severe
but between 2 and 6% of clinically-affected subjects have had acute stroke, and there has been a smaller
percentage reported with encephalitis or Guillain-Barré syndrome. The subacute and long-term neurological
consequences have not been sufficiently studied. Still critically lacking is a comprehensive tissue-based
survey of the CNS presence or specific neuropathology of SCV2 in humans.

Autopsy reports to date have described meningitis and/or encephalitis in small numbers of patients dying
with COVID-19 disease **°, and more frequently, both ischemic and/or hemorrhagic acute or subacute
cerebrovascular lesions 3'3%%4%%7 pyt these have not always been supported by direct evidence of CNS

58,59

SCV2 presence. Elements of the classical neuropathology of viral CNS infections , including lymphocytic
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leptomeningitis and encephalitis, microglial nodules, perivascular lymphocytic cuffing, focal demyelination and
viral inclusions, have most often been absent. There have been at least 16 published studies 3¢:38-394247-50.60-67
that used gold-standard RT-PCR methods to interrogate SCV2 genomic presence in postmortem brain tissue,
but each of these have examined relatively few brain regions. The brain has hundreds of anatomically-distinct
regions with possibly thousands of different cell phenotypes. In many viral CNS infections there is a

pronounced cell selectivity °*°%%%%

. Assaying for the presence of SCV2 in only a few brain regions is likely to
underestimate the overall CNS prevalence.

With so many different brain regions, deciding which to examine for viral presence is difficult but can be
guided by available prior virology. Viruses enter the brain through two major routes. Entry may occur through
peripheral endings of the cranial nerves, or through the blood, the latter through either direct transgression of

58,59,63,70

the blood-brain-barrier or by initial colonization of endothelial cells . For SCV2, a leading candidate for

viral brain entry is the nasal olfactory mucosa, with its direct neuronal connection to the olfactory bulb and tract

71,72 2 73,74

this is also suggested by reported anosmia in SCV and by strong olfactory mucosal expression of

angiotensin converting enzyme-2 (ACE2) and neuropilin-1, possible cellular access cofactors for SCV2 #°7>78,
From the olfactory bulb there are direct neuronal connections to the amygdala, entorhinal area and
hippocampus. Many brain regions and several cell types have been reported to express ACE2 or other
proteins implicated in COVID-19 pathogenesis **®%98! put, aside from the olfactory bulb, much attention has
been focused on the brainstem as it was reportedly affected in the 2003 SARS-CoV epidemic and in animal
models of viral infection, possibly indicative of entry through the cranial nerves and in particular through

1828 Human coronavirus

respiratory and gastrointestinal tract epithelium and thence the vagus nerve
experimental models have shown selective brain localization as well as axonal transport and hematogenous
CNS entry 24,25,82,84—86.

We sought to address the deficiency of neuroanatomically-detailed SCV2 localization data by
comprehensively surveying, with calibrated RT-PCR assays, for the presence of genomic SCV2 RNA in 16
brain regions from 20 subjects who died of COVID-19 disease as well as 4 subjects dying in the same time

period without COVID-19. Targeted areas included those with direct connections to the peripheral nervous

system through cranial nerves, including the olfactory bulb, medullary dorsal motor nucleus of the vagus nerve,
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and pontine trigeminal nerve nuclei, as well as areas possibly exposed to hematogenous entry, including the
choroid plexus and leptomeninges, which are primarily composed of blood vessels, as well as the median

eminence of the hypothalamus and area postrema of the medulla, where the blood-brain-barrier is deficient.

MATERIALS AND METHODS
Human Subjects

Subjects received neuropathological examinations at either Banner Sun Health Research Institute or Mayo
Clinic Jacksonville.
Banner Sun Health Research Institute Subjects

The Institute is located in Sun City, Arizona, a suburb of Phoenix. Subjects were enrolled in one of two
separate Institutional Review Board (IRB) approved protocols reviewed by the Western IRB in Puyallup,
Washington. Five of the ten COVID-19 disease subjects and the 4 non-COVID-19 disease control cases were
volunteers who had donated their brains and/or bodies for research as part of the Arizona Study of Aging and

87

Neurodegenerative  Disorders and Brain and Body Donation Program (AZSAND/BBDP;

https://www.brainandbodydonationregistration.org/), a longitudinal clinicopathological study and biospecimen

resource for normal aging and age-related diseases. All of these subjects or their legal representatives signed
an IRB-approved informed consent form allowing both standardized research clinical assessments during life
and several options for brain and/or bodily organ donation after death. Clinical data was also collected from
their private medical records. Another 5 subjects were enrolled from hospitals in Tucson or Phoenix, Arizona,
immediately before or after death, specifically on the basis of having died with severe COVID-19 disease.
Clinical data was collected from their hospitals’ and/or physicians’ office records. For all subjects, the left side
of each brain was fixed for four days in 10% formalin at 4°C while the right side was sliced into 1 cm coronal
slabs and frozen on dry ice, then stored at -80°C.

Mayo Clinic Jacksonville

All subjects except M10 had been clinically diagnosed with parkinsonism and/or dementia, and all had died

with clinically diagnosed COVID-19 disease (Tables 1, 3 and 4). Their brains were removed at several
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locations throughout the United States, with both fixed and frozen portions taken, following which these were
sent to the Mayo Clinic in Jacksonville, Florida for neuropathological examination and diagnosis.
Diagnostic Autopsy Examinations

Medically-licensed pathologists performed all examinations. For BSHRI subjects, all but one had whole-
body autopsies, with one examination limited to the brain; all 10 Mayo Clinic subject examinations were limited
to brain. Those with whole-body exams had extensive lung sampling, bilaterally from upper and lower lobes.
Detailed reporting of results for organs other than brain will occur in a separate publication.

Neuropathologists (TGB for BSHRI and DWD for Mayo Clinic) specifically noted the presence or absence
of the classical neuropathology of viral CNS infections, including lymphocytic leptomeningitis and encephalitis,
microglial nodules, perivascular lymphocytic cuffing, focal demyelination and viral intracellular inclusions. Also
noted were any acute or subacute microscopic changes. Otherwise, including for neurodegenerative diseases,
the BSHRI neuropathological diagnostic approach has been previously described ®. For both BSHRI and
Mayo Clinic, published clinicopathological neurodegenerative and cerebrovascular disease consensus criteria
88100 \yere used when applicable, incorporating research clinical assessment results as well as pertinent private
medical history. The histological sampling and staining incorporated the protocols recommended by the
National Institute on Aging and Alzheimer's Association (NIA-AA) %1%

Immunohistochemical staining for B-amyloid precursor protein (APP) was performed at the Mayo Clinic

d 101

Florida as previously publishe on sections of anterior cingulate gyrus with corpus callosum and precentral

gyrus with adjacent gyral white matter, to assist with the detection of localized axonal swellings indicative of
subacute and acute axonal damage, a reported finding in the brains of COVID-19 subjects >**°.

For those BSHRI subjects with whole-body autopsies, formalin-fixed, paraffin-embedded (FFPE) bilateral
upper and lower lobe lung samples were stained with hematoxylin and eosin (HE) to assess for the presence
of histopathology consistent with COVID-19 pneumonia.

SARS-CoV-2 RT-PCR methods
Clinical SCV2 diagnosis

All in vivo clinical diagnoses were rendered by licensed medical laboratories using US Food and Drug

Administration (FDA) Emergency Use Authorization (EUA) protocols.
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Postmortem SCV2 nasopharyngeal RNA detection
To assess for SCV2 viral presence, postmortem nasopharyngeal swabs (BD Cat # 220531) from all BSHRI

cases were assayed for SCV2 RNA using FDA EUA protocols https://www.fda.gov/media/136818/download at

Clinical Laboratory Improvement Amendments (CLIA)-approved laboratories, either operated by Sonora Quest,
a division of Quest Diagnostics, or by the Stanford Health Care in Stanford, California.
Postmortem SCV2 RNA detection in blood serum, cerebrospinal fluid, lung and brain tissue

Frozen brain samples were dissected from 16 brain regions, including olfactory bulb, entorhinal area, CA1
region of the hippocampus, amygdala, temporal, frontal and primary visual neocortex, dorsal medulla in the
region of the motor nucleus of the vagus nerve and area postrema, pontine tegmentum in the region of the
trigeminal nuclei, substantia nigra, hypothalamus in the region of the median eminence, thalamus, putamen at
the lentiform nucleus, cerebellar cortex, choroid plexus and leptomeninges. Cases with whole body autopsy
were sampled for frozen tissue bilaterally from the upper and lower lung lobes. Aliquots of postmortem
intracardiac blood serum and postmortem intracerebroventricular CSF were also assayed.

All RNA isolations and RT-PCR assays were performed at BSHRI. RNA was extracted from 20 mg of
frozen brain and lung tissue or 200-250 pl of blood serum and CSF using Qiagen RNeasy Plus Mini Kits (Cat #
74134 for tissue and # 217204 for blood serum and CSF) following the manufacturer’s instructions and eluted
in 50 pLof RNAse-free water. SCV2 RNA was detected using previously described primer and probe
sequences (Table 2) targeting the envelope (E) gene’®>. RNase P and actin primers and probes were used as
housekeeping gene/host tissue amplification controls. RT-PCR was performed in duplicate in separate wells
with a 20 pl volume containing 4 pl of RNA and 5 ul of 4X Tagpath One-Step RT-gPCR Master Mix (Cat #
A15299 Life Technologies) on Bio-Rad CFX Connect. Inconsistent results, e.g. when one of the duplicates
amplified but not the other, were repeated in new duplicate samples.

Thermal cycling was successively performed at 25 °C for 2 minutes for UNG (Uracil N-glycosylase)
incubation, 15 minutes at 52 °C for reverse transcription and 2 minutes at 94°C, then consecutively for 15

seconds at 95 °C, 40 seconds at 55 °C and 20 seconds at 68 °C, for a total of 45 cycles.
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Preliminary work with primers and probes for the N1 and N2 SCV2 regions, as well as the SCV2 RNA-
dependent RNA polymerase (RdRp), had high false-negative rates in lung samples, relative to those for the E
gene, and hence these were not used for further assays.

We considered an E gene Ct threshold < 40 as positive. An E gene Ct > 40 with an RNAse P Ct < 35 was
considered negative. An E gene Ct > 35 with RNAse P > 35 was considered indeterminate. Positive controls
were included in each RT-PCR run; these included a mixture of synthetic SCV2 RNA (RNA transcripts for 5
gene targets, E, N, ORFlab, RARP and S genes; Cat # COV019 Bio Rad Labs), as well as a frozen lung
sample from a COVID-19 decedent previously shown to be reliably positive. The relative number of E gene
copies per ul in brain or lung sample were estimated by interpolation on a standard curve created with serial
dilutions of 1:1 synthetic SCV2 RNA (successive dilutions were each 2-fold more dilute).

To evaluate assay validity, RNA aliquots from each of 5 study subjects, with a total of 30 samples,
including positive and negative samples of olfactory bulb, dorsal medulla and lung, were analyzed blinded to
diagnosis and previous RT-PCR results using similar RT-PCR methods Stanford Health Care in Stanford,

California, with complete agreement on positive vs negative results for all anatomical sites and subjects.

RESULTS
Clinical Characteristics of Study Subjects

All of the COVID-19 disease cases were Caucasian and had died with clinical diagnoses of respiratory
failure (Table 1). Of the non-COVID-19 disease control cases (Table 1, B11-B14), one (B11) had died with
pneumonia and sepsis, two (B12, B13) had died of unspecified “natural causes” and one (B14) had died of
complications of chronic lymphocytic leukemia. All COVID-19 subjects had one or more pre-existing medical
conditions known to be associated with clinically serious COVID-19 disease (Table 3). Three of the BSHRI
COVID-19 subjects had been clinically diagnosed with dementia and two with parkinsonism. All but two of the
BSHRI COVID-19 subjects had been clinically diagnosed with severe COVID-19 disease, by in vivo RT-PCR
confirmation of SCV2 presence by nasopharyngeal swab assays; two had RT-PCR diagnosis done at
postmortem alone. Six of the BSHRI COVID-19 cases had received typical treatment regimens for COVID-19

disease; four had received only hospice or “comfort” measures. Those BSHRI COVID-19 subjects enrolled
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9
through AZSAND were not significantly different in terms of age or sex (age range 72-93, mean 80.8 SD 9.4;
one female, 4 males) but had shorter postmortem intervals (PMI; range 2.5-11.6 hours, mean 5.7 SD 3.4) than
those enrolled through the COVID-19-dedicated protocol (age range 67-97, mean 78.0 SD 11.6; two females,
4 males; PMI range 3.5-24.9 hours, mean 17.9 SD 8.9). BSHRI non-COVID-19 control subjects were older
(age range 87-97, mean 92.5 SD 4.4) and had shorter postmortem intervals (PMI range 1.9-3.5 hours, mean
3.0 SD 0.73) than either of the BSHRI COVID-19 case groups, but sex distribution was similar (three males,
one female). All BSHRI subjects had confirmation of SCV2 presence or absence by RT-PCR SCV2 assay of
postmortem nasopharyngeal swab as well as by having postmortem lung histology (for the cases with whole-
body autopsy) consistent with COVID-19 pneumonia. Eight of nine BSHRI subjects with frozen lung tissue
available were positive in lung samples for SCV2 RNA amplification.

Mayo Clinic subjects were significantly younger than the BSHRI combined COVID-19 and non-COVID-19
subjects (Table 1), with more females than males (Mayo Clinic subjects age range 38-97, mean 76.2 SD 14.9,
6 female, 4 male; BSHRI subjects age range 67-97, mean 79.3 SD 10.0; 7 male, 3 female). All had been
referred to the Mayo Clinic primarily for neurodegenerative disease diagnosis but all also had clinically-
diagnosed severe COVID-19 disease. Seven had been clinically diagnosed with dementia and five with
parkinsonism or possible parkinsonism. Details of their COVID-19 diagnosis and treatment, or of their pre-
existing general medical comorbidities are not available.

Neuropathological Findings in Study Subjects

All COVID-19 disease subjects had age-related neurodegenerative and/or cerebrovascular disease
microscopic findings (Tables 3 and 4). For 5 BSHRI subjects, findings were limited to “primary age-related
tauopathy” (PART) while the remainder of the BSHRI cases and all of the Mayo Clinic cases met
clinicopathological diagnostic criteria for one or more defined entities, including Alzheimer’'s dementia (AD, 10
cases), chronic cerebral white matter rarefaction or leukoencephalopathy (CWMR, 2 cases), dementia with
Lewy bodies, diffuse Lewy body disease or transitional Lewy body disease (DLB, DLBD, TLDB, respectively, 5
total cases), limbic-predominant age-related TDP-43 encephalopathy or frontotemporolobar degeneration with
TDP-43 proteinopathy (LATE and FTLD-TDP, respectively, 5 total cases), progressive supranuclear palsy

(PSP, 5 cases), vascular dementia or atherosclerotic cerebrovascular disease (VaD, ASCVD, 4 cases), aging-
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related tau astrogliopathy or thorn-shaped astrocytes (ARTAG, TSA, respectively, 3 total cases), pallido-nigro-
luysian atrophy (PNLA, 2 cases) and hippocampal sclerosis (HS, 1 case).

Only two subjects had microscopic findings that were definitely attributable to COVID-19 disease. One
Mayo Clinic case had encephalitis, with perivascular mononuclear cell cuffing, acute hemorrhages, fibrinoid
vascular necrosis and transtentorial temporal lobe uncal herniation (Case M10, Figures 1 - 3). One BSHRI
subject (Case B3) had a large acute middle cerebral artery territory ischemic and hemorrhagic infarction
(Figures 4 and 5) that was clinically documented to have occurred several days after the clinical onset of his
COVID-19 disease, and was accompanied by bilateral lower extremity arterial thromboses. Other subjects had
findings that may have been directly related to COVID-19 disease but that are also common in autopsies of
elderly persons (Figures 6 and 7). Of BHSRI cases, B8 had acute microscopic infarcts, and cases B9 and B10
had acute microscopic hemorrhages. Case B6 had two microglial nodules in the posterior medulla and several
BSHRI cases had widely-separated, multifocal sparse to moderate perivascular cuffing with mononuclear
inflammatory cells, but without further infiltration of the neuropil. Seven BSHRI cases and four Mayo Clinic
cases had multifocal white matter sites with APP-immunoreactive axonal swellings (Figure 3C-E), consistent

9 %356 geveral

with subacute or acute axonal damage, similarly to other recently reported cases of COVID-1
BSHRI cases had mineralization of blood vessels within the globus pallidus, a common incidental autopsy
finding in elderly brains, but in one (Case B8) this was extensive and also involved the dentate gyrus,
cerebellar white matter and a laminar distribution of neurons in the occipital cortex (Figure 6E, F). Acute or
subacute infarctions, ischemic changes or microhemorrhages were not present in any other subjects and
otherwise there were no microscopic findings that might be unequivocally attributed to COVID-19 disease.
Specifically, aside from the one Mayo Clinic case with encephalitis, no other case had convincing findings of

viral infection, with no evidence of leptomeningitis or encephalitis, necrosis, perivascular or focal demyelination

or viral intracellular inclusions.

SARS-CoV-2 RT-PCR Findings
Eight of nine of the BSHRI COVID-19 disease cases with whole-body autopsy showed above-threshold

amplification of the SCV2 E gene in their lung samples (Table 5) but only two of the ten BSHRI cases, B9 and
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B10, amplified beyond threshold in any of the 16 brain regions sampled (Table 5 and Supplemental Table 5).
For Case B9, amplification was seen only in the dorsal medulla and the olfactory bulb. For case B10,
amplification was seen in the amygdala as well as the frontal and temporal neocortex. Interpolating from a
synthetic SCV2 standard concentration curve (Figure 8) we estimated that the heaviest sample viral load was
approximately 189 copies of the E gene per pl, in the olfactory bulb of Case B9 while the lowest load was 0.7
copies per pl, in the entorhinal area of case M10. Brain loads were generally lower than those in the lungs,
where the highest viral load was estimated at 300,000 copies per pl (Figure 8, Case B10). Case B9 had
similar viral loads in lung and olfactory bulb. Case B3, the only BSHRI case with neuropathological findings
that could be unequivocally attributed to COVID-19 disease (acute middle cerebral artery territory acute
infarction and hemorrhages), did not reach threshold amplification in any of the 16 tested brain regions.

Of the ten Mayo Clinic COVID-19 cases, again only two (Cases M10 and M11) showed above-threshold
amplification of the SCV2 E gene in any brain region. For case M10, this was seen in the entorhinal and
leptomeningeal samples, while for case M11, this was only in the olfactory bulb. Notably, case M10 was the
only case with both a positive RT-PCR signal as well as neuropathological findings (encephalitis) that could be
unequivocally attributed to COVID-19 disease.

The brain region with the highest viral load by cycle number, for both the BSHRI and Mayo Clinic cases,
was the olfactory bulb.

None of the postmortem cardiac blood serum and cerebrospinal fluid samples, assayed in 8 and 9 BSHRI
cases, respectively, had E gene amplification meeting the Ct 40 threshold.

Housekeeping gene (RNAase P and actin) amplification was adequate for all samples and serial amplified
dilutions are plotted in Figure 8.

Threshold E gene amplification was not achieved in any of the lung, brain or biofluid samples from the 4

BSHRI non-COVID-19 control cases (Cases B11-B14).

DISCUSSION
The findings of this study are generally in agreement with previously reported autopsy examinations of the

brains of COVID-19 disease subjects, in that serious complications like encephalitis and large acute infarctions
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were present in relatively few subjects. For both of these features, 1 of 20, or 5% of subjects in the current
study, were affected. Acute macroscopic or microscopic hemorrhages were present in four subjects (B3, B9,
B10, M10) for a prevalence of 20% **444+>" " Aside from the single Mayo Clinic encephalitis case (M10), and
one BSHRI case (B6) with two microglial nodules, there was no clear evidence of the classical neuropathology

58,59

of viral CNS infections , With no lymphocytic leptomeningitis or encephalitis, microglial nodules, pronounced

or frequent perivascular lymphocytic cuffing, focal demyelination or viral inclusions.

Also in agreement with prior studies 3¢39:45:47-5060-67

is the relatively low rate of SCV2 RNA sequence
presence in brain tissue, in 4 of 20 subjects (20%) in the current study, as compared with a mean of 22% (SD
32.7) across the total subjects included in 16 previously published studies, all with less-extensive brain
sampling. The rate of SCV2 brain invasion in the current study has additional confidence, relative to previous
reports, due to the large number of brain regions assayed, 16 brain regions per subject, in 20 subjects, for a
total of 320 separate samples. Supporting a conclusion that the positive brain samples represent true brain
invasion are the negative blood serum and CSF RT-PCR results for all 9 of the BSHRI cases that had whole-
body autopsy, including the two with positive brain results; this makes it unlikely that the positive brain results
were only coincidental to the presence of blood or CSF in the samples. Of the two cases with unequivocal and
dramatic neuropathological findings, only one, the Mayo Clinic encephalitis case, was also positive for SCV2
RNA, and was so in a brain region affected by encephalitis (entorhinal area). The only case with microglial
nodules, BSHRI case B6, was negative for SCV2 RNA.

These results confirm the growing consensus that most of the reported COVID-19 associated neurological
signs and symptoms may be due, not to direct viral brain invasion, but to systemic reactions such as
coagulopathy, sepsis, autoimmune mechanisms or multiorgan failure *. The BSHRI case with acute cerebral
ischemic and hemorrhagic infarction was likely an example of a systemic COVID-19-associated coagulopathy
affecting the brain, as this subject also had extensive arterial thromboses of the lower extremities. The rare
occurrence of virus in the brain contrasts with the commonly observed neurological consequences of COVID-
19, reinforcing the concept that mitigating host response dysregulations (in coagulation, inflammation,
autoimmunity, and more) may be key to limiting pathophysiology due to COVID-19 and other severe

respiratory infections.
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An important new contribution of the present study is the neuroanatomically-detailed SCV2 brain mapping,
which may provide insights into the routes by which the virus enters the brain. We had hypothesized, as have

1,4,9,49,64,71,72,76-78,83
others

that SCV2 RNA would most often be found in those brain regions implicated as
environmental entry zones and areas with neuroanatomically-close connections to these, and therefore we
chose to assay the olfactory bulb, adjacent to the nasopharyngeal mucosa, and its closely-connected regions
including amygdala, hippocampus and entorhinal area, as well as the trigeminal and vagus nerve entry zones
in the pontine tegmentum and dorsal medulla. We further hypothesized that other brain regions more distant
would be less often involved and/or would have lower SCV2 viral loads and thus we tested for SCV2 in
representatives of such areas, including cerebellar cortex, thalamus and lentiform nucleus. This hypothesis
was supported to some extent as olfactory bulb was the only region with a positive PCR signal in more than
one subject, and had the strongest PCR signals of any brain area, while of remaining positive brain regions,
amygdala and entorhinal areas were each positive in one subject. Of cerebral neocortical areas, frontal and
temporal lobes were each positive in one subject but there was no positive result for more distant regions
including the primary visual area and cerebellar cortex. The dorsal medulla was positive in only a single case
while the pontine tegmentum was not positive in any case. Tempering the confidence of any conclusions that
might be reached, however, is the small number of positive results for each brain region, the focality of
sampling within each region, the presence of brainstem or olfactory bulb positivity in only 1 and 2 of the 4
cases with positive brain signals, respectively, and the lack of any specific histopathological findings for viral
CNS infection (except for case M10) in these brain regions. Information on olfactory function changes as part
of our subjects’ COVID-19 iliness is not available.

We had hypothesized that SCV2 brain invasion, as with some murine coronaviruses 242>1%3

might occur
through the bloodstream, and so we tested sites that might be reflective of this, including the choroid plexus
and leptomeninges, which are predominantly composed of blood vessels, as well as the hypothalamus and
dorsal medulla, which contain regions (median eminence and area postrema) that lack a blood-brain-barrier.

Single cases were positive in the leptomeninges and dorsal medulla, providing limited but non-conclusive

support for a hematogenous entry.
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Prior published studies have reported evidence that SCV2 brain invasion might occur through the olfactory
bulb, vagus nerve or trigeminal nerve. A Basel-based group reported positive SCV2 PCR signals in 4 of 7
cases in olfactory bulb but no positives in brainstem regions®. A Hamburg group had positive signals in 4 of 8
cases in the medulla®. A Berlin group reported 3/31 cases positive in olfactory bulb, 1 of 7 in olfactory
tubercle, 6/31 in medulla and 3/22 in trigeminal ganglion®. A Boston group had 3 of 16 cases positive in
medulla and the same fraction in olfactory bulbs or tracts (in 5 different subjects)®’.

Importantly, the CSF and blood serum were negative in all cases with samples available, making it unlikely
that these would be useful for clinical SCV2 diagnosis. This is again in general agreement with several prior

104-107

reports . The low rate of SCV2 infectivity in blood and circulating blood cells does not favor the existence

of a substantial hematogenous pathway to the brain*®®**,
Because of concerns that SCV2 might affect the substantia nigra (SN) and result in post-encephalitic

parkinsonism 2

, we assayed the SN but it was negative in all 20 cases. Whether CNS coronavirus
persistence could lead to delayed clinical disease, either by viral reactivation or immune-mediated
mechanisms, is unknown, but different strains of MHV, a coronavirus, can persist for prolonged periods in mice
without any clinical expression or with chronic demyelination "***3*Y"_ |f the 20% rate of SCV2 brain invasion
we have documented here is a valid estimate for all those that have been infected, then with 20 million US
COVID-19 cases there could be 4 million with the potential for long-term viral CNS persistence. This is likely to
be an overestimate since the COVID-19 cases in this study were all severely affected while the majority of US
cases have been asymptomatic or only mildly affected. Although chronic neurological sequelae of human
coronavirus infections have not been unequivocally identified, this possibility should not be ignored.
Coronaviruses have been suggested as a cause of human multiple sclerosis . Two human coronaviruses,
strains 229E and OC43, have been demonstrated by RT-PCR, Northern hybridization and in-situ hybridization
in 44% and 23%, respectively, of 90 human brains obtained from brain banks, indicating the potential for long-
lasting CNS persistence after infection #*.

Many of the reported neuropathological findings in COVID-19 autopsies are of uncertain specificity, as

they are also common in unselected autopsy series. Postmortem studies to date have rarely had a non-

COVID-19 control group. While less often meeting criteria for frank infarction, several groups have reported the
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4853,5557,67,118 o4 it has been

frequent presence in COVID-19 cases of acute hypoxic-ischemic changes
suggested that detection of swollen axons with immunohistochemical stains for APP might be more sensitive to
such alterations or even be a “signature” change of hypoxic leukoencephalopathy specific to COVID-19 brain

53,56

disease The APP stain detected swollen white matter axons in 7 of 10 BSHRI cases and 5 of 10 Mayo

Clinic cases. These APP-positive features, however, have been reported in association with a variety of

119,120 121-123
)

conditions, including human cases and/or animal models of ischemia , traumatic brain injury
Binswanger’s disease or vascular dementia *?*'%, bacterial meningitis *?° and drug abuse **’.

In the current study, sparse or moderate perivascular mononuclear chronic inflammatory cell aggregates
were seen in almost all of the BSRHI cases but only in a single Mayo Clinic case, perhaps due to the larger
brain volume sampled by the large-format 80 um thick sections and hence larger brain sample volume
employed by BSHRI. Such perivascular “cuffing” is a typical feature of viral brain infections but is also seen as
a common incidental finding at autopsy. In no case except the single Mayo Clinic encephalitis case was there
more extensive infiltration of the perivascular neuropil by these mononuclear cells and only in this Mayo Clinic
case was there focal fibrinoid vascular necrosis. We did not find “endothelitis” to be a common feature, as

described in one report*?®

and would find this difficult to distinguish from incidental postmortem capillary
distention with polymorphonuclear leukocytes.

Calcification or mineralization of intraparenchymal blood vessels was prominent in one BSHRI case. This
is common in elderly brains, and, as in the current case, most often involves the globus pallidus, dentate gyrus
and dentate nucleus/deep cerebellar white matter. Frequently this is asymptomatic and is usually considered a
chronic idiopathic change with many possible causes including viral infection *? but case reports also exist of
globus pallidus vascular mineralization occurring within the acute or subacute phase of infarction or
sepsis.”*>** Similarly, neuronal mineralization or ferrugination, seen in the same BSHRI case with prominent
vascular mineralization, is more often a late change but has been documented as early as 3 days after an
infarction 2.

Careful comparison with neuropathological findings in subjects who did not have SCV2 infection will be

critical for determining whether many common autopsy findings are substantially more likely in COVID-19

disease, and whether they may represent direct or indirect viral effects.
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The relatively low brain prevalence of the SCV2 viral genome that we and most others have documented
may possibly be due to our sampling at only selected brain locations and only at a single timepoint during
COVID-19 illness. Viral detection rates are known to vary with stage and severity of illness and although all
subjects died due to COVID-19, consistent with severe disease, we do not know the duration of iliness for all.
Although we sampled the brain much more extensively than what has been done in any previous study, the
volume of brain sampled is still a very small fraction of total brain volume. The commonly-used RT-PCR
methods may vary in sensitivity and specificity between centers, and may be insensitive to very low viral loads.
False-negative SCV2 RT-PCR results may result from the presence of contaminating host RNase P DNA
sequences that mask inadequate amounts of sample RNA™®. Our RNA purification protocol included a gDNA-
eliminating spin column step, reducing the likelihood of housekeeping gene host DNA amplification.
Immunohistochemical or in-situ hybridization methods for SCV2 localization have been used by several

37,39.48,54.65.118.134 1yt the significance or validity of such results are still unclear when RT-PCR assays of

groups
the same brain tissue regions are negative.

Similarly, the low rates of COVID-19-associated brain histopathology observed in our study and other
studies might be increased if more sensitive or specific staining methods were used in all cases, including
stains for microglial responses, as both human and experimental animal studies have shown that sepsis or its
simulation, for example by peripheral lipopolysaccharide (LPS) injections, results in widespread CNS microglial
activation that has been hypothesized as a cause of deliium**®. A few groups have reported COVID-19 results
with microglial stains ®-°"118,

Many of the subjects in this study had neurodegenerative diseases, due to the research focus of the
participating academic centers. It is likely that these confer increased risk for COVID-19, beyond that due to
age alone. The apolipoprotein E4 allele, a genetic risk factor for Alzheimer’s disease (AD), has been reported
to be more common in subjects dying with severe COVID-19 disease *®***, and non-COVID-19 associated
pneumonia is reportedly more common in subjects with dementia or parkinsonism®®. Several groups have
reported greater prevalence and/or severity of COVID-19 disease in subjects with dementia or

parkinsonism. %14
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Like other human coronaviruses, SARS-CoV-2 can inflict acute or subacute neuropathology in susceptible
individuals. Much remains to be understood however, including what virus-host interactions influence CNS
neuroinvasion and dissemination, and whether the virus persists or is cleared subsequent to acute illness.
Further investigations will hopefully enable the development of improved surveillance, diagnostic and
therapeutic strategies.

Biospecimens from the Banner Sun Health Research Institute Brain and Body Donation Program, including
those presented in this report, are available to qualified researchers upon request at

https://www.brainandbodydonationregistration.org/.
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Table 1. Case data for Covid-19 disease-related signs, symptoms, treatment and diagnosis. B = BSHRI
AZSAND protocol;; np = nasopharyngeal; am = antemortem; pm = postmortem; C = Caucasian;. Symptom
abbreviations: ArtThr = peripheral arterial thrombosis; Diarr = diarrhea; Enceph = encephalopathy; Fev = fever;
HA = headache; Ftg = fatigue; Naus = nausea; RespFail = respiratory failure; SOB =shortness of breath; Str =
stroke; Sz = seizure-like activity; Vom = vomiting; Treatment abbreviations: Abx = anti-bacterial antibiotics;
ACoag = anti-coagulants; ConPlas = convalescent plasma; HF = high-flow; ICU — intensive care unit; LF =
low-flow; MechVent = mechanical ventilation; Morph = morphine; NIPPV = non-invasive positive pressure
ventilation; O2 = oxygen; Rem = remdesivir. N/A = details not available.

Case Age | Sex Race Signs/Symptoms Covid-Related Treatment SCV2 Dx
Bl 90s M C Fev; SOB; Cough; Hospice; LFO2 npPCRpm
RespFail
B2 70s F C Fev; SOB; Cough: Hospice; LFO2; Morph npPCRpm
RespFail
B3 70s M C Fev; Hypox; Naus; Vom,; ICU; MechVent O2; Dex; Abx; npPCRam
Diarr; Ftg; SOB; ArtThr; Hep; Acoag; Rem npPCRpm
Str; RespFail

B4 80s M C SOB; Cough; RespFalil Hospital/Hospice; HF02; NIPPV; npPCRam

Dex; Abx; Acoag; Rem npPCRpm

B5b 90s M C Fev; SOB; Cough; Ftg; Hospital/Hospice; HF02; NIPPV; npPCRam

Diarr; RespFalil Dex; Abx; Acoag; Rem npPCRpm

B6 70s M C Fev; SOB; Cough; Hospice; Morph npPCRam

RespFail npPCRpm

B7 70s F C Fev; Cough; HA; SOB; Hospital/Hospice: HFO2, NIPPV; npPCRam

RespFalil Abx: Dex; Rem; ConPlas npPCRpm

B8 80s M C SOB; RespFail Hospice npPCRpm

B9 70s M C Fev; Ftg; SOB; Hospital; NIPPV; Abx; Morph npPCRam

RespFail; Enceph npPCRpm

B10 60s F C SOB; RespFail; Fev ICU; MechVent; Dex; Abx; Acoag | npPCRam

npPCRpm

B11 80s M C N/A N/A npPCRpm

B12 90s M C N/A N/A npPCRpm

B13 90s F C N/A N/A npPCRpm

B14 90s M C N/A N/A npPCRpm
M1 70s F N/A N/A N/A N/A
M2 80s F N/A N/A N/A N/A
M3 70s F N/A N/A N/A N/A
M4 80s M N/A N/A N/A N/A
M5 70s F N/A N/A N/A N/A
M6 60s M N/A N/A N/A N/A
M7 70s F N/A N/A N/A N/A
M8 70s M N/A N/A N/A N/A
M9 80s M N/A N/A N/A N/A
M10 30s M N/A Fev; Sz; Enceph N/A N/A
M11 90s F N/A N/A N/A N/A
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Table 2. Primers and probes used for RT-PCR. E gene= envelope (E) gene; ACTB = Actin Beta; RNASE P=

ribonucleus P; F= forward; R= reverse; P= probe; Conc = concentration of primer used; Life Tech. = Life
Technologies; Int. DNA Tech. = Integrated DNA Technologies.

Name Sequence (5' -3") Conc | Vendor Catalog #
E_Sarbeco F | ACAGGTACGTTAATAGTTAATAGCGT 800nM | Life Tech A15612
E_Sarbeco R | ATATTGCAGCAGTACGCACACA 800nM | Life Tech A15612
E_Sarbeco P1 | FAM-ACA CTA GCC ATC CTT ACT GCG CTT CG-QSY | 400nM | Life Tech 4482777
ACTB_F GACGTGGACATCCGCAAAGAC 800nM | Life Tech A15612
ACTB_R CAGGTCAGCTCAGGCAGGAA 800nM | Life Tech A15612
ACTB_P1 FAM- TGCTGTCTGGCGGCACCACCATGTACC- QSY 400nM | Life Tech 4482777
Rnase P_F AGATTT GGA CCT GCG AGC G 500nM | Int. DNA Tech 10006836
Rnase P_R GAG CGG CTG TCT CCA CAAGT 500nM | Int. DNA Tech 10006837
Rnase P_P FAM-TTC TGA CCT GAA GGC TCT GCG CG-BHQ-1 125nM | Int. DNA Tech 10006838
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Table 3. Case data for comorbid conditions. Abbreviations for clinically-diagnosed conditions: Afib = atrial
fibrillation; AA = aortic aneurysm; CarD = carotid artery disease; CAD = coronary artery disease; CHF =
congestive heart failure; Cig = history of cigarette smoking; Cirrh = hepatic cirrhosis; CKD = chronic kidney
disease; CLL = chronic lymphocytic leukemia; COPD = chronic obstructive pulmonary disease; Dem =
dementia; DM = diabetes mellitus; DL = dyslipidemia; Emphy = emphysema; Gallst = gallstones; HT =
hypertension; MI = myocardial infarction; Ob = obesity; Pace = cardiac pacemaker; Park = parkinsonism; PE =
pulmonary embolism; PF = pulmonary fibrosis; PVD = peripheral vascular disease; SLap = sleep apnea; Steat
= hepatic steatosis; Str = stroke. Abbreviations for autopsy-diagnosed conditions: AD = Alzheimer’s disease
dementia; ARTAG = age-related tau astrogliopathy; ASCVD = atherosclerotic cerebrovascular disease; Crib =
Cribriform state; CWMR = cerebral white matter rarefaction; DBS = deep brain stimulator; DLBD = diffuse
Lewy body disease; FTLD-TDP = frontotemporal lobar degeneration with TDP-43 proteinopathy; HS =
hippocampal sclerosis; Leuko = leukoencephalopathy; LATE = Limbic age-related TDP-43 encephalopathy;
MSA = multiple system atrophy; PD = Parkinson’s disease; PART = primary age-related tauopathy; PNLA =
pallido-nigro-luysian atrophy; PSP = progressive supranuclear palsy; SC = senile changes (less-than
diagnostic plague and tangle densities) ; TLBD = transitional Lewy body disease; VaD = vascular dementia.
N/A = not available.

Case Clinically Diagnosed Conditions Autopsy Diagnosed Brain Conditions
B1 CAD; Cig; COPD; Dem; DM; DL; HT; Ob AD; VaD; HS; PSP; LATE
B2 Afib; Cig; Dem; HT; PE PD; AD; ARTAG; DBS
B3 AA; CAD; Cig; COPD; DM; DL; Emphy; Gallst; HT; Ob; | PART
PVD; Steat
B4 AA; CAD; CarD; Cig; COPD; DL; Emphy; HT; Ob; PE; PART
PVD; SLap
B5 CAD; Cig; CKD; DM; DL; Emphy; HT; Park; PF AD; CWMR
B6 CAD; CKD; DL; HT; Ob; Pace; Dem; Park AD; PSP; TLBD; CWMR; LATE
B7 Afib; Asth; CAD; CHF; CarD; HT; Ob; Pace; SLap; PART
B8 CAD; Cig; DL; MI AD; MSA; LATE
B9 DL; DM; Gallst; Ob; SLap; Steat PART
B10 Cig; Cirrh; DM; Emphy; Gallst; HT Brain: PART
B11 Afib; CAD; HT; DL; Ml; Str, CKD; Cig N/A
B12 Afib; DL; CLL; CKD; Cig; Ob N/A
B13 HT; DL; DM; CAD; CKD; COPD; PVD; CRF; Ob N/A
B14 Afib; HT; PVD; COPD; PE; Str; Cig N/A
M1 Dem AD; TLBD; VaD; Leuko; Crib; LATE
M2 Dem AD; ASCVD; Leuko; Crib
M3 Dem DLBD; AD
M4 Park PSP atypical (PNLA); TSA
M5 Dem; Park PSP; SC; ASCVD; Leuko; Crib
M6 Dem AD
M7 Dem; Park FTLD-TDP; VaD; Leuko; SC
M8 Dem; Park VaD; AD
M9 Dem; Park PSP (PNLA); PART; ARTAG
M10 N/A None
M11 N/A DLB
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Table 4. Case data for possible Covid-19 disease-related neuropathological findings. N/A = not applicable.
APP = [3-amyloid precursor protein.

Case | Possible Covid-19-Related Neuropathological Findings in the Brain

Bl Focal leukoencephalopathy with microgliosis; Multifocal sparse perivascular mononuclear cells

B2 Multifocal sparse perivascular mononuclear cells; Multifocal APP-positive neuronaxonal swellings

B3b | Acute ischemic & hemorrhagic infarction, middle cerebral artery territory; Multifocal APP-positive
neuronaxonal swellings

B4 Multifocal sparse perivascular mononuclear cells; Multifocal APP-positive neuronaxonal swellings
B5 Multifocal sparse perivascular mononuclear cells; Multifocal APP-positive neuronaxonal swellings
B6 Microglial nodules; Multifocal sparse perivascular mononuclear cells

B7 Multifocal sparse perivascular mononuclear cells; Multifocal APP-positive neuronaxonal swellings

B8 Acute microscopic infarcts; Multifocal sparse perivascular mononuclear cells; Focal mineralization of
pyramidal neurons and multifocal mineralization of blood vessels; Multifocal APP-positive
neuronaxonal swellings

B9 Acute microscopic hemorrhages; Multifocal sparse perivascular mononuclear cells; Multifocal APP-
positive neuronaxonal swellings

B10 | Acute microscopic hemorrhage; Sparse to focally marked perivascular mononuclear cells

B11 | N/A (Non-Covid-19 control case)

B12 | N/A (Non-Covid-19 control case)

B13 | N/A (Non-Covid-19 control case)

B14 | N/A (Non-Covid-19 control case)

M1 None

M2 Multifocal APP-positive neuronaxonal swellings

M3 Multifocal APP-positive neuronaxonal swellings

M4 None

M5 None

M6 Multifocal APP-positive neuronaxonal swellings

M7 None

M8 Multifocal APP-positive neuronaxonal swellings

M9 None

M10 | Encephalitis with multifocal sparse perivascular mononuclear cells, acute hemorrhages and uncal
herniation; Multifocal APP-positive heuroaxonal swellings

M11 None
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Table 5. Case data for SCV2 RNA detection in the brain and lung. Only samples considered positive for
threshold amplification in the presence of adequate housekeeping gene amplification are shown (shaded
cells). See Supplementary Table 5 for full results, including all negative results and results for CSF and blood
serum. Case B1 and Cases M1-11 did not have lung samples available. Case B8 was PCR-negative in lung
(shown only in Supplementary Table 5). CT= cycle threshold; E gene = envelope (E) gene; RNASE P =
ribonucleus P gene; AMYG = amygdala; DM = dorsal medulla; ENT = entorhinal area; LEPTOS =
leptomeninges; FC = frontal neocortex; TC = temporal neocortex; OB = olfactory bulb.

Case Sample E Gene Ct RNASE P Ct
B2 Lung 35 24
B3 Lung 30 24
B4 Lung 25 23
B5 Lung 28 24
B6 Lung 35 24
B7 Lung 31 23
B9 DM 40 24
B9 Lung 28 24
B9 OB 28 23
B10 AMYG 35 23
B10 FC 34 23
B10 Lung 18 24
B10 TC 30 23
M10 ENT 36 24
M10 LEPTOS 34 24
M11 OB 29 19
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Figure 1. Mayo Clinic Case M10 (see Tables), a male in his 30s. Neuropathological gross examination was
consistent with encephalitis-associated brain swelling causing transtentorial uncal herniation (A) and
associated with acute hemorrhages (arrows A inset, and in B and C). Microscopic examination of semi-
adjacent temporal lobe sections show microscopic hemorrhage (D; H & E stain) and neuropil infiltration with T-
and B-lymphocytes and macrophages (E-G).
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Figure 2. Mayo Clinic Case M10 (continued from Figure 1). Sections of pons adjacent to area of gross acute
hemorrhage (Figure 1A inset). Acute pontine hemorrhage and fibrinoid necrosis of a blood vessel in a section
stained with H & E (A). Semi-adjacent sections are immunohistochemically stained for B-lymphocytes (B,
CD20), macrophages (C, CD68) and T-lymphocytes (D, CD3).
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Figure 3. Cerebral white matter sections from Mayo Clinic Case M10 (continued from Figures 1 and 2, A-D)
and BSHRI Case B5 (E, F), a male in his 90s. Sections of cerebral white matter from Case M10 are
unremarkable on H & E stains, at low (A) and medium (B) magnifications while semi-adjacent sections stained
with an immunohistochemical method for B-amyloid precursor protein (APP) show patchy staining at low
magnification and intense staining of axons at higher magnification (C and D, respectively). Lower (E) and
higher (F) magnifications of APP immunostaining in Case B5b show a patchy quality at lower magnification,
with axonal staining visible at higher magnifications. Axons frequently have periodic axonal swellings (arrow in
F shows example).
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Figure 4. Banner Sun Health Research Institute (BSHRI) Case B3, a male in his 70s. Clinical findings
indicated a massive acute left middle cerebral artery territory ischemic infarct, as shown in the MRI image (A,
arrows). Gross examination of the brain at autopsy showed widespread hemorrhagic areas, especially in
cerebral cortex (B). The left middle cerebral artery within the Sylvian fissure was completely occluded by firm
thrombus, confirmed on microscopic examination (C). There were multiple thrombi within parenchymal
arterioles (D, arrows). Sections were stained with H & E, on 6 um paraffin sections
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Figure 5. Case B3 (continued from Figure 4). Microscopic examination confirmed the presence of widespread
acute cortical hemorrhages (A). Other areas within the left middle cerebral artery distribution showed acute
ischemic infarction, with microvacuolation of the neuropil and loss of normal tissue eosinophilia (B),
perivascular neuropil infiltration by polymorphonuclear leukocytes (C), and acute hypoxic-ischemic changes,
including perikaryal cytoplasmic eosinophilia and nuclear pyknosis of cortical pyramidal neurons (D). Sections
are all stained with H & E, on 6 um paraffin sections (A, B, D) or 80 um thick sections (C)
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Figure 6. BSHRI Case B1 (A and B), a male in his 90s. Microscopic examination showed focal white matter
rarefaction in the temporal lobe white matter (A) with increased numbers of microglial nuclei within area of
rarefaction (B). BSRHI Case B9, a malein his 70s, showed acute microhnemorrhages, seen here in the cortex of
the superior frontal gyrus (C). BSHRI Case B8 (D-F), a male in his 80s, had an acute microscopic infarct in
cortex of the middle frontal gyrus (D) and laminar mineralization of pyramidal neurons (E, F) in lateral occipital
association cortex. All images are from H & E-stained 80 um thick sections.
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Figure 7. Several cases had occasional perivascular mononuclear cell aggregates, in both gray and white
matter. Shown are examples from BSHRI Case B4, a male in his 80s(A), Case B2, a female in her 70s (B),
Case B6, a male in his 70s (C), Case B8, a male in his 80s(D), and Case B9, a male in his 70s (E). Also shown
is a microglial nodule in the posterior medulla in the region of the nucleus gracilis, in BSHRI Case B6 (F).
Images are from H & E-stained 80 um thick sections (B-E) or 6 um paraffin sections (A, F).
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Figure 8. Standard curve for obtaining estimated SARS-CoV-2 sample copy numbers, constructed with serial
dilutions of commercially-obtained synthetic SCV2 RNA. Ct values for patient samples that were positive for
threshold amplification (colored symbols, see legend; some symbols are superimposed on others on graph) of
sample SCV2 RNA are plotted on the same graph. The highest copy numbers were obtained from lung (black
arrows show lung samples with higher Ct values), olfactory bulb (OB, lavender arrows show both of the
positive OB samples) and temporal cortex (TC, orange arrow shows the only positive TC sample). Ent =
entorhinal area; Leptos = leptomeninges; AMYG = amygdala; FC = frontal cortex.
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