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A B S T R A C T

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is continually evolving resulting in variants with increased transmissibility,
more severe disease, reduced effectiveness of treatments or vaccines, or diagnostic detection failure. The SARS-CoV-2 Delta variant
(B.1.617.2 and AY lineages) was the dominant circulating strain in the United States from July to mid-December 2021, followed by the Omi-
cron variant (B.1.1.529 and BA lineages). Coronavirus disease 2019 (COVID-19) has been associated with neurological sequelae including
loss of taste/smell, headache, encephalopathy, and stroke, yet little is known about the impact of viral strain on neuropathogenesis. Detailed
postmortem brain evaluations were performed for 22 patients from Massachusetts, including 12 who died following infection with Delta var-
iant and 5 with Omicron variant, compared to 5 patients who died earlier in the pandemic. Diffuse hypoxic injury, occasional microinfarcts
and hemorrhage, perivascular fibrinogen, and rare lymphocytes were observed across the 3 groups. SARS-CoV-2 protein and RNA were not
detected in any brain samples by immunohistochemistry, in situ hybridization, or real-time quantitative PCR. These results, although pre-
liminary, demonstrate that, among a subset of severely ill patients, similar neuropathological features are present in Delta, Omicron, and
non-Delta/non-Omicron variant patients, suggesting that SARS-CoV-2 variants are likely to affect the brain by common neuropathogenic
mechanisms.
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I N T R O D U C T I O N

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is continually evolving and can generate variants that may
lead to enhanced transmission, immune escape, or increased
pathogenicity. The Delta variant (B.1.617.2 and AY lineages)
of SARS-CoV-2, the dominant strain in the United States from
July to mid-December of 2021, was more contagious and
caused more severe disease in unvaccinated individuals than
prior circulating strains (1–3). The Omicron variant
(B.1.1.529 and BA lineages) has been the dominant global
strain since December 2021 and has been reported to have
increased transmissibility, reduced neutralization by some
monoclonal antibody treatments, and reduced effectiveness of
vaccination (4–6). Omicron has also been associated with

milder overall disease compared to Delta and earlier lineages,
with a subset of reported hospitalizations interpreted as inci-
dental findings (7,8).

While neurological symptoms are common in the acute and
post-acute periods of SARS-CoV-2 infections, the specific
effects of Delta and Omicron variants on the central nervous
system are largely unknown (9–11). Prior to the emergence of
the Delta variant, published autopsy reports encompassing
approximately 900 patients suggested an overall picture of
hypoxic-ischemic injury, hemorrhage, microvascular disrup-
tion, and nonspecific inflammation (12–16). Hypoxic ischemic
injury and acute to subacute microinfarcts to large territorial
infarcts have been reported in a subset of cases in the majority
of published studies (17–31), as have a variety of hemorrhagic
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lesions involving brain parenchyma and overlying meninges
(17,19–24,26,30,32–36). These lesions are likely nonspecific,
which is supported by a recent study that did not identify dif-
ferences in staining for amyloid precursor protein, a marker
suggestive of agonal hypoxia-ischemia, between Coronavirus
disease 2019 (COVID-19) cases and controls (19). Typical
histological findings of viral encephalitis including microglial
nodules, neuronophagia, and lymphocytic inflammation are
largely absent, while predominance of microglial cells, particu-
larly in the brainstem, is favored to be a nonspecific finding in
septic or otherwise critically ill patients (17,19–
26,28,29,31,32,36–39). Rare reports of demyelination reminis-
cent of acute disseminated encephalomyelitis and acute hem-
orrhagic leukoencephalitis have been described, which may
represent postinfectious manifestations of SARS-CoV-2 infec-
tion (17,20,21,30,40,41).

Most studies using commercially available nucleocapsid and
spike antibodies did not identify positive cellular staining for
SARS-CoV-2 in brain tissue with the exception of rare cells
reported as positive in the brainstem or cranial nerves. Mini-
mal if any viral RNA has been detected from brain tissue by
quantitative real-time PCR or digital droplet PCR (18,20,23–
33,38,42). Given concerns for increased severity of disease and
decreased treatment and vaccination effectiveness with the
Delta and Omicron variants compared to earlier circulating
variants, we report the neuropathological findings from 12
Delta variant and 5 Omicron variant autopsies and compare
them to 5 non-Delta/non-Omicron variant COVID-19
patients, including examination of SARS-CoV-2 protein and
RNA using immunohistochemistry (IHC), in situ hybridiza-
tion (ISH), and quantitative reverse transcriptase-polymerase
chain reaction (RT-qPCR).

M A T E R I A L S A N D M E T H O D S
Patient cohort

Ethical approval was obtained from the Mass General Brigham
institutional review board with waived informed consent for
the use of excess tissue not needed for diagnostic purposes
(IRB 2015P001388). Patients with positive nasopharyngeal
swab SARS-CoV-2 RT-PCR testing with postmortem brain
examination at Brigham and Women’s Hospital from April 1,
2020 to February 15, 2022 were screened for inclusion in this
study. Suspected SARS-CoV-2 Delta variant cases were identi-
fied by first reported COVID-19 symptoms or positive RT-
PCR test between July 1 and December 15, 2021. Suspected
Omicron variant cases with first reported symptoms from
December 16, 2021 to February 15, 2022 were also identified.
Following viral genome sequencing (see below), 2 cases in the
Omicron variant-predominant time period were identified as
Delta variant and reassigned to the Delta variant cohort. Pre-
sumed non-Delta/non-Omicron-variant autopsy cases per-
formed between April 1 and December 31, 2020 were
reviewed and roughly matched for age and approximate dura-
tion of illness. Detailed neuropathological findings for 3 non-
Delta/non-Omicron variant patients (Patients 1–3) were pre-
viously reported (31). Demographics, laboratory, imaging, and
clinical data were extracted from the electronic medical record.

Data analysis and construction of Figure 1 were performed in
R (version 4.1.1) (43) and using BioRender.

Autopsy procedure and gross examination
Autopsies were performed in a negative pressure isolation
room by personnel equipped with powered air-purifying or
N95 respirators. Bone saws fitted with vacuum filters were
used to open skulls to minimize potential for aerosolization of
viral particles. Brains were then removed, weighed fresh, and
partially or wholly fixed in 10% formalin for 3–8 days prior to
gross examination.

Histopathological evaluation
A standard set of brain tissue sections were submitted for
microscopic evaluation in all cases, including (1) inferior fron-
tal lobe with olfactory tract/bulb(s), (2) cingulate gyrus with
corpus callosum, (3) hippocampus at level of lateral geniculate
nucleus, (4) occipital lobe with primary visual cortex, (5) ante-
rior basal ganglia, (6) thalamus, (7) cerebellum, (8) midbrain,
(9) pons, and (10) medulla. Tissue sections were processed
and paraffin embedded using standard protocols. Hematoxylin
and eosin stains were examined for all blocks. Hypoxic injury
was defined by the presence of neurons with eosinophilic cyto-
plasm and pyknotic nuclei or of ghost neurons, and graded as
mild (rare cells), moderate (scattered clusters of cells), or
severe (frequent or diffuse involvement, e.g. pseudolaminar
necrosis). IHC for SARS-CoV-2 nucleocapsid protein
(NB100-56576; Novus Biologicals, Centennial, CO; 1:500
dilution), SARS-CoV-2 spike protein (GTX632604; GeneTex,
Irving, CA; 1:1000 dilution), CD45/LCA (M0701; Dako,
Glostrup, Denmark; 1:600 dilution), CD68 (PG-M1; Dako;
1:200 dilution), CD61 (2f2 Cell Marque, Rocklin, CA; 1:250
dilution), and fibrinogen (ab58207; Abcam, Cambridge, UK;
1:2000 dilution) was performed on formalin-fixed paraffin-
embedded (FFPE) tissue sections of frontal lobe/olfactory
nerve, thalamus, and medulla for all cases. SARS-CoV-2 spike
RNA ISH (RNAscope 2.5 LS Probe V-nCoV2019-S;
Advanced Cell Diagnostics, Newark, CA) was performed on
the same sections as viral IHC using the Leica Bond system
according to manufacture protocols.

Nucleic acid extraction and RT-qPCR SARS-CoV-2
quantification

For each FFPE sample, total nucleic acids were extracted from
3 20-mm scrolls using a QuickDNA/RNA FFPE Miniprep kit
(Zymo R1009, Irvine, CA) according to manufacturer’s
instructions. Water and pre-COVID-19-era autopsy brain tis-
sue samples were used as negative controls for the extraction.
RNA was isolated by enzymatic digestion of DNA (Thermo
Fisher AM2238, Waltham, MA) followed by nucleic acid puri-
fication (Beckman Coulter, Brea, CA), then eluted in 15 lL
water. SARS-CoV-2 nucleocapsid protein-targeting RT-qPCR
(based on the US CDC N1 assay) was performed for each
sample and controls. The CDC assay cycling conditions were
altered for compatibility with SYBR assays (48�C for
30 minutes for reverse transcription and 98�C for 10 minutes
for activation, followed by 45 cycles of PCR at 95�C for
10 seconds, 60�C for 45 seconds). In triplicate, 1 lL of viral
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RNA (diluted 1:3) was added to a 10 lL reaction, which
included TaqPath (Thermo Fisher) with 500 nM of each pri-
mer and 125 nM of probe. SARS-CoV-2 synthetic DNA was
used as a standard curve, and water and pre-COVID-19-era
autopsy brain tissue samples were used as negative controls for
the RT-qPCR assay. For each reaction, if the fluorescent signal
crossed threshold, then the cycle at which that occurred was
reported (Ct). The concentration of viral RNA was calculated
from the mean of available Ct measurements using the stand-
ard curve, and then corrected for the dilution factor. Viral
loads were quantified only for samples with all 3 replicates
yielding a Ct, and considered other samples equivocal (1 or 2
replicates yielding a Ct) or negative (zero replicates yielding a
Ct).

Amplicon sequencing, SARS-CoV-2 genome assembly, and
lineage determination

SARS-CoV-2 variants were determined by tiled amplicon
sequencing of autopsy lung FFPE tissue using the ARTIC v4
primer set. Briefly, following extraction, cDNA was synthesized
from 2.5 lL of purified RNA using random primers (Thermo
Fisher). Sequencing libraries were prepared using the COVID-
Seq assay kit (Illumina, San Diego, CA) with dual unique
indexes (Illumina). Libraries were then purified (Beckman
Coulter), quantified (Agilent Technologies, Santa Clara, CA),
and pooled in equimolar amounts, then sequenced on a MiSeq
v2 (Illumina) 2� 150 base pairs. Sequencing reads were
demultiplexed using the publicly available viral-ngs demux_-
only pipeline (dockstore.org/organizations/BroadInstitute/
collections/pgs), as implemented on Terra platform (app.ter-
ra.bio). SARS-CoV-2 genome assembly was performed using
the viral-ngs assemble_refbased pipeline, using the SARS-
CoV-2 reference NC_045512.2. We observed minimal SARS-

CoV-2 sequence (<15% unambiguous genomes assembled)
from negative controls (including pre-COVID-19-era autopsy
tissue from lung, and water controls added at the extraction
and sequencing stages), likely representing minor contamina-
tion introduced during sequencing. SARS-CoV-2 lineage
determination, performed on genomes with >20% unambigu-
ous SARS-CoV-2 base pairs, was performed using Nextclade
(v2.8.1) web interface, against the full database of genomes
available as of November 15, 2022. Sequences are deposited in
GeneBank BioProject: PRJNA720544 (Accessions
SAMN31929242-SAMN31929253).

Whole-genome sequencing was also performed on naso-
pharyngeal swabs at the time of infection from a subset of
cases, collected at Brigham and Women’s Hospital. Libraries
were prepared and purified using the COVIDSeq Test Kit
(Illumina), quantified using a Qubit 4 Fluorometer (Thermo
Fisher) and 4150 Tapestation System (Agilent), and then
sequenced using a NextSeq 2000 (Illumina) 2 � 150 base
pairs. Genomes were demultiplexed and assembled using the
publicly available viral-ngs sarscov2_illumina_full pipeline
(dockstore.org/organizations/BroadInstitute/collections/pgs)
on Terra platform (app.terra.bio). Sequences with an assembly
length greater than 24 000 base pairs were considered com-
plete genomes and were then assigned pango lineages using
the most up-to-date version of the pangoLEARN assignment
algorithm. Sequences are deposited in GeneBank BioProject:
PRJNA759255 (Accessions: OL675845.1, ON186330.1,
ON423072.1, ON186333.1, and ON186334.1).

R E S U L T S

All 22 patients included in this study were positive for SARS-
CoV-2 by premortem nasopharyngeal swab nucleic acid

Figure 1. Clinical characteristics and neuropathologic features of SARS-CoV-2 Delta, Omicron, and non-Delta/non-Omicron variants. Heat
maps from left to right show clinical details including patient age, sex, SARS-CoV-2 variant, vaccination status, comorbidities, and duration
of illness, neuropathological features including hypoxia-ischemic changes, ischemic infarct, and cerebral hemorrhage, virus nucleocapsid and
spike immunohistochemistry, spike RNA in situ hybridization, and RT-qPCR using probes for the nucleocapsid (N1) gene target. CKD,
chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; HTN, hypertension; IHC, immunohistochemistry; ISH, in situ
hybridization; NDO, non-Delta/non-Omicron; RT-qPCR, real-time quantitative polymerase chain reaction; N1, nucleocapsid gene (based
on the US CDC N1 probes).
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amplification tests, with the exception of Patient 11, who was
positive by postmortem screening performed prior to autopsy.
Five non-Delta/non-Omicron variant COVID-19 autopsy cases
were performed between April 12, 2020 and December 31,
2020 (Patients 1–5). Twelve total Delta variant autopsies were
performed, including 10 cases between July 12, 2021 and
December 2, 2022 (Patients 6–15), and 2 additional cases dur-
ing the Omicron variant-predominant time period (January and
February 2022) (Patients 16–17). Five Omicron variant
autopsies were performed between December 30, 2021 and Feb-
ruary 4, 2022 (Patients 18–22). Evidence of COVID-19 pneu-
monia, including acute to organizing diffuse alveolar damage
was observed for all cases, with the exceptions of Patient 11
(Delta variant) and Patient 19 (Omicron variant), and RT-
qPCR was positive from autopsy lung tissue for all cases except
Patient 11 (Supplementary Data Table S1). Amplicon sequenc-
ing of autopsy lung tissue confirmed non-Delta/non-Omicron
lineages A.2 (Patient 1), B.1 (Patients 2 and 3), and B.1.2
(Patients 4 and 5). Delta lineages were confirmed for 7/12 Delta
variant cases including AY.86 (Patient 6), AY.119 (Patients 7
and 15), AY.47 (Patient 8), AY.117 (Patient 10), B.1.617.2
(Patient 16), and AY.25 (Patient 17). The remaining presumed

Delta variant patients and all presumed Omicron variant patients
yielded insufficient SARS-CoV-2 RNA sequencing reads for gen-
otyping. Sequencing of pre-mortem nasopharyngeal swabs was
performed for 5 patients, confirming 1 additional Delta variant
patient with AY.3 (Patient 12) and 4 Omicron variant patients
with BA.1.1 (Patients 18 and 21), BA.1.15 (Patient 19), and
BA.1 (Patient 20) (Supplementary Data Table S1).

Clinical characteristics, laboratory data, and autopsy findings
for Delta, Omicron, and non-Delta/non-Omicron variant
patient groups are summarized in Table 1. Small numbers of
patients in the groups precluded detection of statically signifi-
cant differences; however, some general trends were noted.
Median age at death was slightly higher for Omicron variant
patients at 67 (interquartile range [IQR] 50–68) years com-
pared to Delta variant (56 [IQR 48–65] years) and non-
Delta/non-Omicron variant (53 [IQR 50–63] years) patients
(Tables 1 and 2). Duration of illness, determined by first
reported symptoms was slightly shorter for Omicron variant
patients (median [IQR] 6 [6–9] days) compared to Delta (18
[IQR 8–25] days) and non-Delta/non-Omicron (13 [IQR 9–
21] days) variant patients. The Omicron variant group com-
prised of more women (n¼ 4, 80%), and were exclusively

Table 1. Summary of clinical characteristics, laboratory data, and autopsy findingsa

Non-Delta/Non-
Omicron (n¼ 5)

Delta
(n¼ 12)

Omicron
(n¼ 5)

Genotype confirmed by sequencing, No. (%) 5 (100) 8 (67) 4 (80)
Clinical characteristics

Age at death, median [IQR], years 53 [50–63] 56 [48–65] 67 [50–68]
Sex, No. (% male) 4 (80) 9 (75) 1 (20)
Race/Ethnicity,

No. (% White, non-Hispanic)
4 (80) 6 (67) 0 (0)

Vaccination, No. (%) 0 (0) 3 (25) 2 (40)
Illness duration, median [IQR], days 13 [9–21] 18 [8–25] 6 [6–9]

Laboratory data
Max CRP, median [IQR], mg/L 198 [114–284] 111 [56–175] 120 [117–163]
Max ferritin, median [IQR], mg/L 4618 [1124–9373] 3064 [2977–10 521] 293 [217–8583]
Max D-dimer, median [IQR], ng/mL 4000 [3068–4000] 4000 [2341–4000] 3213 [2479–3607]
AST, median [IQR], U/L 69 [68–140] 116 [65–485] 28 [24–191]
ALT, median [IQR], U/L 109 [27–138] 58 [44–276] 19 [13–34]
GFR, median [IQR], mL/min/1.73 m2 16 [14–21] 28 [26–59] 29 [29–61]
WBC, median [IQR], K/lL 16.4 [3.2–19.4] 15.7 [10.1–26.6] 11.3 [6.2–12.2]
ANC, median [IQR], K/lL 4.0 [2.1–7.5] 13.9 [8.2–18.9] 8.8 [4.9–9.5]
ALC, median [IQR], K/lL 0.24 [0.17–0.51] 1.00 [0.59–3.70] 0.75 [0.39–2.15]
INR, median [IQR] 1.5 [1.4–2.1] 1.3 [1.1–2.7] 1.7 [1.4–2.0]

Autopsy findings
Postmortem interval, median [IQR], h 40 [20–52] 44 [28–62] 72 [69–96]
Brain weight, median [IQR], g 1460 [1380–1530] 1325 [1243–1400] 1180 [1150–1280]
Hypoxic-ischemic injury, n (%) 5 (100) 12 (100) 4 (80)
Infarction, n (%) 1 (20) 2 (17) 0 (0)
Hemorrhage, n (%) 1 (20) 4 (33) 1 (20)
Microglial nodules, n (%) 0 (0) 2 (17) 0 (0)
Thrombi, n (%) 0 (0) 0 (0) 0 (0)
Nucleocapsid IHC, n (%) 0 (0) 0 (0) 0 (0)
Spike IHC, n (%) 0 (0) 0 (0) 0 (0)
Spike RNA ISH, n (%) 0 (0) 0 (0) 0 (0)
N1 RT-qPCR, n (%) 0 (0) 0 (0) 0 (0)

a Laboratory results reflect last measured values prior to death unless otherwise specified.
Normal ranges: CRP 0.0–10.0 mg/L; ferritin female: 13–150 and male 30–400 lg/L; D-dimer <500 ng/mL; AST 10–50 (U/L), ALT 10–50 (U/L); GFP >59 ml/min/1.73 m2;
WBC 4.00–10.00 K/lL; ANC 2.50–6.00 K/lL; ALC 1.00–4.80 K/lL; INR 0.9–1.1.
ALC, absolute lymphocyte count; ANC, absolute neutrophil count; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; GFR, glomerular
filtration rate; INR, international normalized ratio; WBC, white blood cell count.
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Table 2. Demographics, clinical history, neurological symptoms, and treatment

Pt. no. Age Sex Race/Ethnicity Medical history Neuro.symptoms Neuro-imaging SARS-CoV-2
vaccination

status

COVID-19
treatments

MV

1 66 F Black, not Hispanic Obesity, CAD, HF, CKD, RA-
SLE, ILD, MGUS, bipolar,
PVD, HTN

None None Unvaccinated Tocilizumab,
hydroxychloroquine

PPV

2 50 M White, not Hispanic ALL, bone marrow transplant,
DM, neuropathy, depression

Headache None Unvaccinated Dexamethasone,
tocilizumab

PPV

3 53 M White, not Hispanic OSA, EtoH use disorder Weakness, myalgias None Unvaccinated Hydrocortisone,
tocilizumab

PPV

4 63 M White, not Hispanic CAD, HTN, HLD, CKD, cardiac
transplant

None None Unvaccinated Dexamethasone,
remdesivir, casirivi-
mab/imdevimab

PPV

5 34 M White, not Hispanic DM, depression, EtOH cirrhosis Seizure, encephalop-
athy (hepatic
encephalopathy)

Head CT normal Unvaccinated Dexamethasone PPV

6 38 M Asian Obesity, asthma Anoxic brain injury Head CT diffuse
edema

Unvaccinated Methylprednisolone PPV

7 62 M White, not Hispanic HTN, HLD, OSA, BCC, neph-
rectomy, EtOH use disorder

Headache None Unvaccinated Dexamethasone,
remdesivir,
tocilizumab

ECMO;
PPV

8 51 M NA Remote TBI, gout, chronic pain,
arthritis, tibia fracture

Syncope None Unvaccinated Dexamethasone,
remdesivir,
tocilizumab

PPV

9 67 M White, not Hispanic HLD, prostate Ca Seizure vs syncope None Unvaccinated Dexamethasone,
remdesivir

PPV

10 27 M White, not Hispanic Congenital heart disease, COPD,
lymphoma, ESKD, renal trans-
plant, CVID

None None Moderna (�3;
10 days prior
to admission)

Dexamethasone,
remdesivir,
tocilizumab

PPV

11 54 F White, not Hispanic HCM, HLD, asthma, fibromyal-
gia, GERD, IBD

None None Pfizer �2 None None

12 65 F White, Hispanic DM, HTN, HFpEF, asthma, cir-
rhosis, thrombocytopenia

None None Unvaccinated Dexamethasone None

13 78 M White, not Hispanic HTN, COPD, BPD, cirrhosis Disorder of
consciousness

Head CT subdural
hematoma

NA None None

14 53 F NA HTN, overactive bladder None None Unvaccinated Dexamethasone,
remdesivir,
tocilizumab

PPV
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Table 2. (continued)

Pt. no. Age Sex Race/Ethnicity Medical history Neuro.symptoms Neuro-imaging SARS-CoV-2
vaccination

status

COVID-19
treatments

MV

15 66 M Black, not Hispanic HTN, mantle cell lymphoma on
rituxumab, HBV

None None Pfizer �3 Dexamethasone,
remdesivir, casirivi-
mab/imdevimab

PPV

16 34 M Asian Huntington’s disease None None Unvaccinated Dexamethasone,
remdesivir

None

17 58 M NA HTN, HLD, GERD Coma None Unvaccinated None PPV
18 68 M Other, Hispanic DM, HFrEF, PE, cervical spon-

dylosis, relapsed ALL with
SCT, SCT, skin/liver/gut
GVHD, nephrolithiasis, GERD

Stupor Head CT nonspe-
cific white matter
hypodensities

Unvaccinated Hydrocortisone,
remdesivir, casirivi-
mab/imdevimab

PPV

19 50 F Black, Hispanic Obesity, pulmonary HTN,
asthma, sickle cell anemia

None None Pfizer �2 Dexamethasone,
remdesivir

None

20 74 F Other, Hispanic DM, HTN, HLD, PE, depres-
sion, metastatic cholangiocarc-
nioma, GERD

Encephalopathy None Moderna �2 Dexamethasone None

21 37 F Black, not Hispanic Obesity, asthma, idiopathic intra-
cranial hypertension, migraine,
depression

None None NA None None

22 67 F NA DM, obesity, hypothyroidism,
dementia, EtOH use disorder,
CKD

Encephalopathy NA NA NA NA

ALL, acute lymphoblastic leukemia; BCC, basal cell carcinoma; CKD, chronic kidney disease; COPD, chronic obstructive lung disease; CVID, common variable immunodeficiency; DM, diabetes mellitus; ECMO, extracorporeal membrane
oxygenation; EtOH use disorder, alcohol use disorder; HF, heart failure; HLD, hyperlipidemia; HTN, hypertension; ILD, interstitial lung disease; MGUS, monoclonal gammopathy of undetermined significance; MV, mechanical ventilation;
NA, not available; OSA, obstructive sleep apnea; PPV, positive pressure ventilation; PVD, peripheral vascular disease; RA-SLE, rheumatoid arthritis-systemic lupus erythematosus; TBI, traumatic brain injury.
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Black (n¼ 2, 40%) and/or Hispanic (n¼ 3, 60%), compared
to Delta variant or non-Delta/non-Omicron variant patients
who were majority White, non-Hispanic and male. All patients
had at least 1 significant comorbidity (Fig. 1; Table 2), with a
slightly higher number of conditions in non-Delta/non-
Omicron variant patients (4 [IQR 2–4]) than Delta (2.5 [IQR
1–4]) or Omicron (2 [IQR 2–4]) variant patients. The most
common comorbidities for non-Delta/non-Omicron variant
patients were history of immunosuppression (3/5, 60%) and
prior neurological disease (3/5, 60%), followed by preexisting
pulmonary disease (2/5, 40%), hypertension (2/5, 40%), dia-
betes mellitus (2/5, 40%), cardiovascular disease (2/5, 40%),
and chronic kidney disease (2/5, 40%). Delta variant patients
most commonly had preexisting pulmonary disease (7/12,
58%), followed by hypertension (5/12, 42%), malignancy (5/
12, 42%), cardiovascular disease (4/12, 33%), and prior neuro-
logical disease (4/12, 33%). Omicron variant patients most
commonly had prior neurological illness (3/5, 60%) and obe-
sity (3/5, 60%), followed by hypertension (2/5, 40%) and dia-
betes mellitus (2/5, 40%).

Neurological symptoms were observed in 6/12 (50%) Delta
variant patients including headache, syncope, seizure versus
syncope, disorder of consciousness, coma, and anoxic brain
injury, 3/5 (60%) Omicron variant patients including stupor
and encephalopathy, and 3/5 (60%) non-Delta/non-Omicron
variant patients including headache, weakness, myalgia, seizure,
and encephalopathy (Table 2). Neuroimaging was limited to
head computed tomography in 4 patients, showing diffuse
edema (Patient 6) and subdural hematoma (Patient 13) in 2
Delta variant patients, nonspecific white matter hypodensities
in 1 Omicron variant patient (Patient 18), and no significant
findings in 1 non-Delta/non-Omicron variant patient (Patient
5) (Table 2).

Three of 12 (25%) Delta variant and 2/5 (40%) Omicron
variant patients received 2 or 3 doses of Moderna or Pfizer
mRNA vaccines (Tables 1 and 2). Eight (67%) of the Delta
patients had mechanical ventilation, 9 (75%) received steroids,
7 (58%), remdesivir, 4 (33%) tocilizumab, and 1 (8%) casirivi-
mab/imdevimab monoclonal antibodies. One (20%) Omicron
variant patient had mechanical ventilation, 3 (60%) received

Table 3. Neuropathological findings

Patient
no.

SARS-CoV-2
pango lineage

Symptom
onset to

death (days)

Postmortem
interval (h)

Brain
weight (g)

COVID-19-associated neuropathological
findings

1 A.2 21 52 1290 Mild hypoxic ischemic injury
2 B.1 9 40 1460 Mild hypoxic ischemic injury
3 B.1 8 20 1530 Mild hypoxic ischemic injury
4 B.1.2 24 10 1590 Mild hypoxic ischemic injury
5 B.1.2 13 116 1380 Scattered petechial/microhemorrhages; acute

microinfarct in inferior olivary nucleus; mild
hypoxic ischemic injury

6 AY.86 (Delta) 4 41 1460 Focal subarachnoid hemorrhage; mild to moder-
ate hypoxic ischemic injury

7 AY.119 (Delta) 32 50 1580 Scattered microinfarcts with hemorrhage involv-
ing white matter throughout brain; focal micro-
glial nodule formation in medulla; mild hypoxic
ischemic injury

8 AY.47 (Delta) 22 58 1370 Mild hypoxic ischemic injury
9 Unknown (presumed

Delta)a
22 43 1260 Chronic microinfarct in corpus callosum; mild

hypoxic ischemic injury
10 AY.117 (Delta) 9 30 1210 Mild hypoxic ischemic injury
11 Unknown (presumed

Delta)a
1 122 1290 Mild hypoxic ischemic injury

12 AY.3 (Delta) 50 8 1020 Mild hypoxic ischemic injury
13 Unknown (presumed

Delta)a
8 180 1250 Subdural hemorrhage; mild hypoxic ischemic

injury
14 Unknown (presumed

Delta)a
18 45 1390 Single microglial nodule in medulla; mild hypoxic

ischemic injury
15 AY.119 (Delta) 33 11 1220 Mild hypoxic ischemic injury
16 B.1.617.2 (Delta) 17 72 1430 Mild hypoxic ischemic injury
17 AY.25 (Delta) 7 20 1360 Mild hypoxic ischemic injury; red blood cell

extravasation
18 BA.1.1 (Omicron) 9 96 1380 Mild hypoxic ischemic injury
19 BA.1.15 (Omicron) 6 69 1280 None
20 BA.1 (Omicron) 6 65 1180 Mild hypoxic ischemic injury
21 BA.1.1 (Omicron) 3 72 1100 Parenchymal microhemorrhages; subarachnoid

hemorrhage; mild hypoxic ischemic injury
22 Unknown (presumed

Omicron)a
29 121 1150 Mild hypoxic ischemic injury

a SARS-CoV-2 variant not confirmed by sequencing of lung tissue or nasopharyngeal swabs. These cases were assigned to Delta variant cohort if first reported COVID-19
symptoms or positive RT-PCR test were between July 1 and December 15, 2021 or to Omicron cohort if first reported symptoms or positive RT-PCR test were from December
16, 2021 to February 15, 2022.
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steroids, 2 (40%) remdesivir, and 1 (20%) casirivimab/imdevi-
mab. Multiple laboratory values including max C-reactive pro-
tein, ferritin, and D-Dimer, and last recorded alanine
aminotransferase, aspartate aminotransferase, international
normalized ratio, white blood cell count, and absolute neutro-
phil count were elevated in a subset of patients across all
groups, while glomerular filtration rate and absolute lympho-
cyte count were abnormally decreased (Table 1; Supplemen-
tary Data Table S2).

Detailed gross and microscopic neuropathological examina-
tion was performed for all cases (Fig. 1; Table 3). Small num-
bers of patients in the groups precluded detection of statically
significant differences; however, multiple abnormalities were
noted. Mild to moderate hypoxic injury was seen in all cases
except Patient 19 (Omicron variant). Subdural hemorrhage
was identified in 1 (8%) Delta variant patient (Patient 13),
focal subarachnoid hemorrhage in 1 (8%) Delta variant patient
(Patient 6), and 1 (20%) Omicron variant patient (Patient

21), and white matter microhemorrhages in 2 (17%) Delta
variant patients (Patients 7 and 17), 1 (20%) Omicron variant
patient (Patient 21), and 1 (8%) non-Delta/non-Omicron
case (Patient 5) (Fig. 2). Microinfarcts were identified in 2
(17%) Delta variant patients (Patients 7 and 9) and 1 (20%)
non-Delta/Non-Omicron variant patient (Patient 5). While
occasional clusters of intravascular platelets were present, no
thrombi were identified by H&E or CD61 IHC in any of the
sections (Fig. 3). Qualitatively similar degrees of perivascular
fibrinogen staining were observed between Delta, Omicron,
and non-Delta/non-Omicron variant patients (Fig. 3). CD45
and CD68 IHC highlighted rare perivascular lymphocytes and
microglia distributed diffusely throughout the brain paren-
chyma in all slides (Fig. 4).

IHC to detect SARS-CoV-2 nucleocapsid and spike anti-
gens, and ISH to detect SARS-CoV-2 spike RNA were per-
formed on multiple brain regions. Viral staining was negative
in neurons, glia, endothelium, and immune cells in the frontal

Figure 2. Neuropathologic features of SARS-CoV-2 Delta, Omicron, and non-Delta/non-Omicron variant patients. Representative images
show microhemorrhages in the occipital lobe (A) and basal ganglia (B) and a microinfarct in the medulla (C) of a non-Delta/Non-Omicron
variant patient (Patient 5). A microinfarct in the midbrain (D), a microhemorrhage in the temporal lobe (E), and a microglial nodule in the
medulla (F) are shown for a Delta variant patient (Patient 7). Perivascular rarefaction in the corpus callosum (G), perivascular
microhemorrhage/red blood cell extravasation in the basal ganglia (H), and mild perivascular inflammation in the thalamus (I) are
illustrated for an Omicron variant patient (Patient 21). Images taken with 40� objective (A–C, F), 20� (D, G, I), and 10� (E, H).
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lobe with olfactory nerve, thalamus, and medulla for all of the
cases (Fig. 5; Supplementary Data Table S3). RT-qPCR for
SARS-CoV-2 nucleocapsid RNA was performed on the same
brain regions and was negative or below the limit of detection
in all cases (Fig. 1; Supplementary Data Table S3).

D I S C U S S I O N

Postmortem examination of brains from 12 Delta, 5 Omicron,
and 5 non-Delta/non-Omicron variant patients who died
within 51 days of the onset of COVID-19 symptoms, 60%
with documented neurological symptoms, showed similar find-
ings of diffuse hypoxic injury, occasional microinfarcts and
hemorrhage, perivascular fibrinogen, and rare lymphocytes.
These findings are in keeping with prior studies of COVID-19
neuropathology, which reported hypoxic injury, acute to suba-
cute microinfarcts and large territorial infarcts, subdural, subar-
achnoid, and parenchymal hemorrhages, sparse perivascular
lymphocytic inflammation, and variable numbers of microglia,
present in varying combinations in a subset of cases (17–39).
No evidence of virus was identified by nucleocapsid or spike
IHC, spike ISH, or by N1 RT-qPCR of brain tissue despite
ample evidence of infection with Delta and Omicron variants
in lung tissue. Viral load was quantified from FFPE tissue,
which can have decreased sensitivity compared to fresh or fro-
zen samples due to RNA quality and fragmentation. Perform-
ance of N1 RT-qPCR (73-bp target) as a single assay could

also decrease sensitivity and specificity, although these have
been shown to have high concordance with other gene targets
and histopathological findings (31,44). Equivocal or low-levels
of viral RNA in brain tissue has been reported for non-Delta/
non-Omicron variants; their clinical relevance remains unclear
given that the majority of reports are unable to identify the cel-
lular source of virus using standard histopathological and ultra-
structural techniques (12,18,20,23–33,38,42,45). In this study,
neither viral RNA nor protein was identified in brain tissue of
the Delta or Omicron variant patients despite evidence of
microvascular injury and microglial infiltration, supporting a
non-neuroinvasive mechanism of neuropathogenesis.

Few studies to date have compared the neuropathological
findings amongst different SARS-CoV-2 variants, and none, to
the best of our knowledge, included Delta or Omicron var-
iants. A pair of studies in Italy and Switzerland reported
increased microthrombi with acute/subacute ischemic damage,
and increased microhemorrhages earlier in the pandemic (Feb-
ruary to May 2020), with more frequent leptomeningeal
chronic inflammation in later waves (October 2020 to April
2021) (26,46). Similar viral loads were detected between
SARS-CoV-2 B.1.1.7 (Alpha) and prior variants in a German
case series (47). Mouse and hamster models of COVID-19
show decreased severity of disease for Omicron variant, and
conflicting results as to whether the effects of Delta variant are
decreased compared to earlier strains of SARS-CoV-2 (48,49).
Similar to these animal models, we observed a range of

Figure 3. Intravascular platelet aggregates and perivascular fibrinogen staining. Representative CD61 immunohistochemistry images (A–F)
highlight intravascular aggregates of platelets in a non-Delta/Non-Omicron variant patient (A, B, Patient 4), a Delta variant patient (C, D,
Patient 10), and an Omicron variant patient (E, F, Patient 20). Representative fibrinogen immunohistochemistry images (G–L) highlight
perivascular staining in a non-Delta/Non-Omicron variant patient (G, H, Patient 4), a Delta variant patient (I, J, Patient 10), and an
Omicron variant patient (K, L, Patient 20). Images A–F taken with 40� objective, and images G–L taken with 10� objective.
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findings for Delta and Omicron variant patients that over-
lapped with prior SARS-CoV-2 variants. Confirming genotyp-
ing using whole-genome sequencing resulted in reclassification
of Omicron cases as Delta even during the Omicron period.
This is not surprising given differences in virulence among
SARS-CoV-2 variants and highlights the importance of obtain-
ing the genotype of cases for accurate classification in study of
disease pathology. Four out of 12 (33%) presumed Delta and
1/5 (20%) presumed Omicron cases were unable to be con-
firmed by genotyping, raising the possibility of misclassifica-
tion; however, these specific cases were collected after the
transition periods between dominant strains (>99% preva-
lence), minimizing this potential source of error.

A major factor confounding the interpretation of clinical
and neuropathological differences between variants is the
evolving treatment protocols and availability of SARS-CoV-2
vaccines. SARS-CoV-2 mRNA vaccination has been shown to
be protective against severe disease both in Delta and Omicron
variants (50). Only 3/12 (25%) Delta variant patients in this
study were vaccinated, 2 of whom likely gained suboptimal

protection due to immunocompromised status (Patients 10
and 15), while the third exhibited no evidence of COVID-19
pneumonia or detectable virus in lung tissue by RT-qPCR
(Patient 11). Two of 5 (40%) Omicron variant patients were
vaccinated; one died from diffuse gastrointestinal ischemia and
hemorrhage in the setting of sickle cell disease with acute
vaso-occlusive crisis without evidence of COVID-19 pneumo-
nia (Patient 19); the other died with COVID-19 pneumonia
in the setting of widely metastatic cholangiocarcinoma (Patient
20). Mild hypoxic ischemic injury was the sole neuropathologi-
cal finding in 4/5 (80%) of the vaccinated patients, suggesting
that vaccination does provide some protection for the central
nervous system against COVID-19, which may be attributable
to lower viral titers or less severe pulmonary/systemic disease.
The individual impact of COVID-19 treatments including cor-
ticosteroids, tocilizumab, remdesivir, and monoclonal antibod-
ies (casirivimab/imdevimab) on neuropathological findings is
less clear due to the multitude of treatment combinations and
overall evolution of best clinical practices throughout the
pandemic.

Figure 4. Microglial predominant inflammatory infiltrates. Representative images of CD45 immunohistochemistry highlight diffuse
microglia and occasional perivascular lymphocytes in the frontal lobe (A, D, G), thalamus (B, E, H), and medulla (C, F, I), of a non-Delta/
non-Omicron variant patient (A–C, Patient 2), a Delta variant patient (D–F, Patient 9), and an Omicron variant patient (G–I, Patient 21).
All images taken with 10� objective.
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While these findings are based on a limited number of cases
from a single academic institution, with inherent variability in
comorbidities, disease duration, and treatments precluding
detection of statistically significant differences, they do suggest
that SARS-CoV-2 variants and earlier lineages are likely to

affect the brain by similar mechanisms in severe, fatal infec-
tions. However, the specificity of the observed findings cannot
be directly attributed to COVID-19 rather than general fea-
tures of critically ill patients due to the lack of a COVID-19-
negative control cohort in this study. The neuropathological

Figure 5. SARS-CoV-2 immunohistochemistry and in situ hybridization. Representative images of SARS-CoV-2 nucleocapsid
immunohistochemistry (IHC) (A, D, G, J, M), SARS-Cov-2 spike IHC (B, E, H, K, N), and SARS-CoV-2 spike RNA in situ hybridization
(ISH) (C, F, I, L, O) in frontal lobe sections from a non-Delta/Non-Omicron variant patient (A–C, Patient 2), a Delta variant patient
(D–F, Patient 7), an Omicron variant patient (G–I, Patient 21), a 2019 pre-COVID-19-era negative control patient (J–L), and positive
control autopsy lung from a non-Delta/Non-Omicron variant patient (M–O). All images taken with 10� objective.
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impact of variants requires further study in the acute setting,
and remains to be determined in the post-acute setting.
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