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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its associated clinical syndrome COVID-19 are
causing overwhelming morbidity and mortality around the globe and disproportionately affected New York City between
March and May 2020. Here, we report on the first 100 COVID-19-positive autopsies performed at the Mount Sinai Hospital
in New York City. Autopsies revealed large pulmonary emboli in six cases. Diffuse alveolar damage was present in over
90% of cases. We also report microthrombi in multiple organ systems including the brain, as well as hemophagocytosis. We
additionally provide electron microscopic evidence of the presence of the virus in our samples. Laboratory results of our
COVID-19 cohort disclose elevated inflammatory markers, abnormal coagulation values, and elevated cytokines IL-6, IL-8,
and TNFα. Our autopsy series of COVID-19-positive patients reveals that this disease, often conceptualized as a primarily
respiratory viral illness, has widespread effects in the body including hypercoagulability, a hyperinflammatory state, and
endothelial dysfunction. Targeting of these multisystemic pathways could lead to new treatment avenues as well as
combination therapies against SARS-CoV-2 infection.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the infective agent behind COVID-19, has rapidly
spread around the globe resulting in substantial morbidity
and mortality. As of 21 January, 2021, there have been 97.4
million confirmed cases globally including over 2 million
deaths. In New York State alone, 1,279,811 cases and
41,587 deaths are documented [1].

Postmortem examinations, or autopsies, are the gold
standard for the elucidation of the underlying pathophy-
siology of disease. Despite an explosion of literature
addressing the clinical impact and molecular microbiology
of SARS-CoV-2, autopsy studies remain underrepresented.
Due to legitimate concerns about infection risk and limited
personal protective equipment (PPE), early postmortem

These authors contributed equally: Clare Bryce, Zachary Grimes,
Elisabet Pujadas

Deceased November 15, 2020: Mary E. Fowkes

* Carlos Cordon-Cardo
carlos.cordon-cardo@mssm.edu

1 Icahn School of Medicine at Mount Sinai, New York, NY, USA
2 University of Florida, Gainesville, FL, USA

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41379-
021-00793-y.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-021-00793-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-021-00793-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-021-00793-y&domain=pdf
http://orcid.org/0000-0003-4008-503X
http://orcid.org/0000-0003-4008-503X
http://orcid.org/0000-0003-4008-503X
http://orcid.org/0000-0003-4008-503X
http://orcid.org/0000-0003-4008-503X
http://orcid.org/0000-0003-1500-5819
http://orcid.org/0000-0003-1500-5819
http://orcid.org/0000-0003-1500-5819
http://orcid.org/0000-0003-1500-5819
http://orcid.org/0000-0003-1500-5819
http://orcid.org/0000-0001-5568-6634
http://orcid.org/0000-0001-5568-6634
http://orcid.org/0000-0001-5568-6634
http://orcid.org/0000-0001-5568-6634
http://orcid.org/0000-0001-5568-6634
http://orcid.org/0000-0002-4329-7460
http://orcid.org/0000-0002-4329-7460
http://orcid.org/0000-0002-4329-7460
http://orcid.org/0000-0002-4329-7460
http://orcid.org/0000-0002-4329-7460
http://orcid.org/0000-0001-7787-3051
http://orcid.org/0000-0001-7787-3051
http://orcid.org/0000-0001-7787-3051
http://orcid.org/0000-0001-7787-3051
http://orcid.org/0000-0001-7787-3051
http://orcid.org/0000-0003-4923-2200
http://orcid.org/0000-0003-4923-2200
http://orcid.org/0000-0003-4923-2200
http://orcid.org/0000-0003-4923-2200
http://orcid.org/0000-0003-4923-2200
http://orcid.org/0000-0002-4481-7827
http://orcid.org/0000-0002-4481-7827
http://orcid.org/0000-0002-4481-7827
http://orcid.org/0000-0002-4481-7827
http://orcid.org/0000-0002-4481-7827
http://orcid.org/0000-0001-5643-9520
http://orcid.org/0000-0001-5643-9520
http://orcid.org/0000-0001-5643-9520
http://orcid.org/0000-0001-5643-9520
http://orcid.org/0000-0001-5643-9520
http://orcid.org/0000-0003-3086-1058
http://orcid.org/0000-0003-3086-1058
http://orcid.org/0000-0003-3086-1058
http://orcid.org/0000-0003-3086-1058
http://orcid.org/0000-0003-3086-1058
http://orcid.org/0000-0003-0858-5624
http://orcid.org/0000-0003-0858-5624
http://orcid.org/0000-0003-0858-5624
http://orcid.org/0000-0003-0858-5624
http://orcid.org/0000-0003-0858-5624
mailto:carlos.cordon-cardo@mssm.edu
https://doi.org/10.1038/s41379-021-00793-y
https://doi.org/10.1038/s41379-021-00793-y


studies were initially either gross examination only, post-
mortem biopsies, restricted to certain organs, or case
reports, with a few comprehensive series and some reviews
emerging more recently [2–12].

In this comprehensive series, we report the findings from
100 consecutive autopsies of patients who died due to
COVID-19 and summarize key histopathological findings
within each organ system. We present the spectrum of our
findings in the context of existing literature to advance the
discussion of possible disease mechanisms.

Methods

Laboratory studies and SARS-CoV-2 testing

Premortem nasopharyngeal swab specimens were placed in
universal transport media and tested by real-time reverse
transcription polymerase chain reaction amplification on the
fully automated sample-to-result single well double-target
test cobas® 6800 SARS-CoV-2 platform (Roche Molecular
Systems, Branchburg, NJ).

Autopsy and tissue collection

Consented autopsies were performed at the Mount Sinai
Hospital, which performs all autopsies for the Mount Sinai
Health System’s (MSHS) seven hospitals in the greater New
York metropolitan area. The autopsies were conducted in a
negative pressure room utilizing both PPE and techniques
recommended from the current CDC Guidance for Post-
mortem Specimen Collection [13]. Extended collection
procedures were utilized for autopsies with short post-
mortem intervals (PMIs) designated as rapid with a PMI of
equal or less than 24 h [14–16].

Special stains and immunostains

Multiple unstained 3–5 μm thick sections were cut for
special stains and immunohistochemistry (IHC). Special
stains were applied according to standard protocols. Anti-
bodies employed for IHC are listed in the Supplementary
Methods Table. IHC staining was performed on a Leica
Bond III automated stainer except for ACE-II, which was
stained on the Discovery Ultra VENTANA systems
(Roche).

Electron microscopy

Postmortem specimens for electron microscopy were placed
in 3% buffered glutaraldehyde. Following postfixation in
1% osmium tetroxide, tissues were serially dehydrated and
embedded in epoxy resin in standard fashion. One-micron

toluidine-stained scout sections were prepared for light
microscopic orientation; 80 nm ultrathin sections for EM
were stained with uranyl acetate and lead citrate and
examined in a Hitachi 7650 transmission electron micro-
scope at 80 kV.

Results

Patient characteristics and laboratory data

The MSHS started performing autopsies on COVID-19-
positive patients on 20 March, 2020, with a total of 102
completed by 23 June, 2020. Two cases were restricted to
no education or research (excluded from this study), one
case was restricted to “no heart or kidney” and one to
“brain only.”

Patientsʼ ages ranged from 29 to 94 years (median 68),
with both a mean and median age of death in the mid-60s.
Deaths occurred over every decade of adult life: 1 (20–29); 6
(30–39); 9 (40–49); 15 (50–59); 26 (60–69); 22 (70–79); 15
(80–89); and 6 (90–94), correlating with the breakdown of
age for more than 400 COVID-19 deaths at MSHS. These
patients exhibited a range of preexisting conditions and
symptom profiles, including hypertension 62%, diabetes
mellitus 43%, coronary artery disease 32%, chronic kidney
disease 30%, asthma 18%, heart failure 13%, atrial fibrillation
10%, obesity 11%, coinfections 14%, cancer 7%, transplan-
tation 6%, and chronic obstructive pulmonary disease 5%. A
total of 63 patients were intubated, and 29 had health care
directives not to intubate; the median time to intubation was
3 days, and the average time to intubation was 7 days. The
average time to death from admission was 14 days (range of
0–87 days) (Supplementary Results Table 1).

Laboratory values for patients were compiled and were
consistent with those previously reported (Supplementary
Results Table 1) [17–19]. Markers relating to inflammation,
including ferritin (mean at peak of 4384; ref 30–400 ng/ml),
C-reactive protein (CRP) (mean at peak of 249; ref 0.0–5.0
mg/l), procalcitonin (mean at peak of 24.9; ref < 0.49 ng/
ml), and white blood cell count (mean at peak of 19.1, ref.
1.90–8.00 × 103/µl) composed predominantly of neutrophils
(mean at peak neutrophil to lymphocyte ratio of 40.9), were
elevated above normal reference values. The absolute
lymphocyte count was mildly decreased (mean at nadir 0.9;
ref 1.0–4.5 × 103/µl). Cytokines IL-6 (mean at peak of
749.2; ref 0.0–5.0 pg/ml), IL-8 (mean at peak of 162.4; ref
0.0–5.0 pg/ml), and TNFα (mean at peak of 40.0; ref
0.0–22.0 pg/ml) were elevated, with cytokine IL-1b
remaining within the reference range for most patients
(mean at peak 1.8; ref 0.0–5.0 pg/ml).

Anticoagulation therapy was given to 82% of patients.
D-dimer levels were consistently elevated (mean at peak of
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10.4 µg/ml; ref 0.00–0.50 µg/ml) despite administration of
anticoagulation therapy. Fibrinogen was also elevated
(mean at peak of 688; ref 175–450 mg/dl). Thrombocyto-
penia was uncommon (platelet mean minimum of 164,000;
ref 150,000–450,000/µl). Elevations were seen in pro-
thrombin time (mean at peak of 22.1; ref 12.3–14.9 s),
partial thromboplastin time (mean at peak of 81.6; ref
25.4–34.9 s), and international normalized ratio (mean peak
of 2.7). While these could partially be explained by the pre-
sence of anticoagulant therapy administered during most of
these patients’ admissions, these values were also elevated
outside of the normal range at presentation in some patients
who were not previously treated with anticoagulants.

Autopsy findings

Histologic sampling was performed on all 100 cases,
including 35 rapid cases with a PMI of 24 h or less. Where
the PMI was prolonged, tissue stock was saved; however,
sampling was more limited due to severe autolysis. Consent
restrictions or tissue autolysis resulted in the following total
number of cases reviewed for each organ system below and
in Table 1.

Pulmonary system

Right lung weight averaged 934 g (range: 300–1800 g; ref.
range: 360–570 g) and left lung weight averaged 1000 g
(range: 300–1900 g; ref. range: 325–480 g). Grossly, the
lungs showed either patchy areas of firm tan consolidation
(Fig. 1A), generally with abundant edema fluid, or were
diffusely firm and solid. Multiple cavitary lesions corre-
sponding to severe necrotizing pneumonia were present in
ten cases. Large pulmonary emboli obstructing the main
pulmonary arteries were identified in six cases.

The lungs were histologically evaluated in 99 cases. The
findings of 25 cases were previously reported in the series
of Borczuk et al. [9]. The number of slides evaluated from
each case ranged from 5 to 33, sampling each lobe in both
peripheral and central locations. Histologically, the primary
finding in the lung parenchyma was diffuse alveolar damage
(DAD), which was seen in 82 cases. Of these, 54 were in
the acute/early organizing phase and 28 showed more
extensive organization. There was a statistically significant
difference in the length of time between onset of symptoms
and death between early/acute DAD (median= 11 days)
and organizing DAD (median= 26 days; p= 0.0016).
Hyaline membranes (Fig. 1B, C) were variably present in
all DAD cases, ranging from diffuse involvement of all
sections to focal involvement of one or two sections. Edema
and congestion/fresh blood were present to some extent in
all cases. Associated type 2 pneumocyte hyperplasia was
seen to some degree in all cases with DAD, although the

Table 1 Clinical and laboratory data summary.

Pulmonary

Lungs (n= 99) Diffuse alveolar damage 82/99 83%

Early/acute 54/82 66%

Organizing 28/82 34%

Fibrotic 0/82 0%

Superimposed acute pneumonia 45/82 55%

Septal capillary proliferation 19/99 19%

Pulmonary thromboemboli 6/99 6%

Hematopoietic

Spleen (n= 86) Red pulp necrosis 9/86 10%

Red pulp congestion 24/86 28%

Red pulp hemorrhage 8/86 9%

Germinal centers absent 86/86 100%

Microthrombi 3/86 3%

Extramedullary megakaryocytes 2/86 2%

Hemophagocytic histiocytes 11/86 13%

Lymph nodes (n= 60) Necrosis 3/60 5%

Vascular congestion 23/60 38%

Vascular transformation of sinuses 8/60 13%

Hemorrhage 7/60 12%

Germinal centers absent 52/60 87%

Microthrombi 3/60 5%

Extramedullary megakaryocytes 2/60 3%

Bone marrow (n= 11) Hemophagocytosis 8/11 73%

Left shift granulopoiesis 4/11 36%

Decreased erythroid precursors 1/11 1%

Decreased megakaryocytes 1/11 1%

CNS

Brain (n= 58) Acute–subacute infarcts 19/58 33%

Microthrombi 17/58 29%

Pituitary (n= 19) Pituitary necrosis/infarct 5% 1/19

Cardiovascular

Heart (n= 97) Cardiac enlargement 86/97 92%

Myocyte hypertrophy and interstitial fibrosis 96/97 99%

Mild interstitial chronic inflammation 4/97 4%

Subendocardial inflammation 1/97 1%

Epicardial chronic inflammation 31/97 32%

Epicardial hemophagocytosis 1/97 1%

Bacterial endocarditis 2/97 2%

Genitourinary

Kidney (n= 94) Hypertensive and diabetic changes 19/94 20%

Acute tubular injury 23/94 24%

Calcium phosphate crystals distal tubules 10/94 11%

Thromboemboli 2/94 2%

Bladder (n= 27) No significant pathology

Fallopian tubes and ovaries (n
= 21)

No significant pathology

Prostate (n= 16) No significant pathology

Uterus (n= 14) No significant pathology

Testes, seminal vesicles (n= 6) No significant pathology

Gastrointestinal

GI tract (n= 92) No significant pathology

Hepatobiliary

Liver (n= 92) Cirrhosis 12/92 13%

Fatty liver disease 28/92 30%

Venous outflow obstruction 41/92 45%

Early organizing thrombi

Portal venules 37/92 40%

Terminal hepatic venules 20/92 22%

Endocrine

Pancreas (n= 81) Islet cell depletion and amyloid (diabetic
change)

1/81 1%

Thyroid (n= 44) Lymphocytic thyroiditis 1/44 2%

Adrenal glands (n= 58) No significant pathology

The time in days from symptom onset to death was significantly
different between early/acute (median= 11 days) and organizing
(median= 26 days) DAD cases (p value= 0.0016).

1458 C. Bryce et al.



degree of proliferation was variable and was greater in cases
with more extensive disease. The cytologic features of
pneumocyte proliferation were also variable. While some
cases showed relatively bland features, others showed large
pleomorphic cells, occasionally with multinucleation or
prominent nucleoli. The latter features were typically found

in cases with diffuse disease (Fig. 1D, E). Squamous
metaplasia was present in a minority of cases, usually
focally. The interstitium typically contained varying
amounts of lymphocytic inflammation that was generally
mild and tended to be more diffuse in cases with extensive
disease. A panel of immunostains performed on four cases

Fig. 1 Pulmonary findings. A Gross image of lung showing patchy
areas of consolidation that corresponded to diffuse alveolar damage
histologically. B Diffuse alveolar damage with prominent hyaline
membranes and pneumocyte hyperplasia (H&E, ×200). C Hyaline
membrane lining an alveolar space with alveolar walls showing sparse
chronic inflammation (H&E, ×400). D Pneumocyte hyperplasia with
relatively bland cytologic features (H&E, ×400). E Pneumocyte
hyperplasia with marked pleomorphism and cytologic atypia with
occasional macronucleoli. Lymphocytes and macrophages are also
present in the airspace lumens (H&E, ×400). F Fibrin thrombi were
observed in blood vessels in 34 cases (H&E, ×600). G Platelet thrombi

are highlighted by CD61 staining (CD61, ×400). H Bronchioles with
regenerative basal cell hyperplasia and loss of cilia, consistent with
prior injury (H&E, ×400). I Electron micrograph from lung tissue
portraying presence of multiple spherical virus particles showing
spike-like electron-dense peplomeric projections ranging from 100 to
140 nm. Note the attachment/budding of viral-like particles to the
respiratory epithelium signaling possible endo/exocytosis as well as
presence of extracellular virus particles. Scale bar, 0.2 µm. Insert:
detail of a virion showing an electron-dense, relatively thick envelope
with distinctive peplomers projecting from the surface giving the
appearance of a solar corona.
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demonstrated that the infiltrates were primarily CD4+

T cells and CD163+ macrophages admixed with smaller
numbers of CD8+ T cells and CD20+ B cells. Airspaces
also contained occasional areas of lymphocyte and macro-
phage accumulation, which tended to increase with more
extensive disease. Organizing pneumonia or organizing
intra-alveolar fibrin was variably present in a minority of
cases. No cases had histology consistent with acute fibri-
nous and organizing pneumonia or cryptogenic organizing
pneumonia. Superimposed acute pneumonia was seen in 45
cases and was extensive and necrotizing in 10, including
two cases with invasive Aspergillus. Intravascular fibrin
thrombi were observed in 34 cases within small arteries or
arterioles (Fig. 1F). Platelet aggregates and/or thrombi were
difficult to appreciate on H&E stained sections, usually
corresponding to eosinophilic granular material in the ves-
sels, but CD61 stains performed on 23 of the cases high-
lighted aggregates or thrombi in small arteries, arterioles,
and capillaries in all but two cases on which stains were
performed. Fibrin thrombi, when present, were observed
only focally while platelet aggregates and thrombi tended to
be present more frequently but were only prominent in one
case, which demonstrated clusters of platelet thrombi in
several areas (Fig. 1G). An additional interesting finding
was the presence of capillary proliferation with inflamma-
tion and injury resembling endotheliitis in 19 cases. In
regard to airway changes, the epithelium of the mainstem
bronchi was largely denuded and the airways otherwise
showed only minimal lymphocytic inflammation. Ulcera-
tion and acute inflammation were seen in two cases. The
bronchioles in most cases showed variable degrees of
regenerative basal cell hyperplasia and occasional squa-
mous metaplasia suggestive of prior injury (Fig. 1H).
Electron microscopy studies revealed the presence of mul-
tiple spherical virus particles showing spike-like electron-
dense peplomeric projections ranging from 100 to 140 nm
(Fig. 1I).

The 17 cases lacking DAD included 5 of the 6 cases with
large pulmonary emboli, 4 cases with extensive acute
pneumonia, 1 case with extensive metastatic carcinoma, and
the remainder with extra-pulmonary causes of death.

Hematolymphoid system

Spleens from 86 cases, thoracic lymph nodes from 60 cases,
and bone marrow from 11 cases (9 sternal; 2 calvarial) were
microscopically evaluated. Extensive red pulp necrosis was
seen in nine spleens; confluent or patchy necrosis was also
identified in lymph nodes of three cases (Fig. 2A). In other
cases, the presence of necrosis may have been obscured by
supervening autolytic changes, which were present in many
of the specimens, most significantly affecting the splenic

red pulp. A proportion of the spleens (24 cases) showed red
pulp congestion, with 8 showing frank hemorrhage.

Other findings in lymph nodes included vascular con-
gestion (23 cases), with vascular transformation of sinuses
(8 cases), and hemorrhage (7 cases). Sinus histiocytosis was
present in 50 cases, many with foci of hemophagocytosis
(34 cases) (Fig. 2B, C). Prominent immunoblasts were
present within sinuses and dispersed within the paracortex
of seven cases. Notably, germinal centers were absent in the
white pulp of all examined spleens, and absent in lymph
nodes from 52 of the 60 examined cases. Furthermore,
where present, the germinal centers tended to be small,
hypoplastic, and often sparsely distributed (Fig. 2D). Elec-
tron microscopy of a thoracic lymph node demonstrated
coronavirus-induced organelle-like replicative structures
consistent with double-membrane vesicles, and intracyto-
plasmic spherical shaped virus particles with characteristic
electron-dense envelope and fine peplomeric projections
(Fig. 2E, F). While lineage could not be definitively
established due to imperfect preservation, the cells con-
taining these structures were relatively large, were juxta-
posed to basement membrane, and did not contain
prominent lysosomes. Microthrombi were identified in six
separate cases, three lymph nodes and three spleens
(Fig. 2G, H). Extramedullary megakaryocytes were identi-
fied in two lymph nodes and two spleens, encompassing
four separate cases, with one of the spleens also showing
clusters of erythroid precursors.

Hemophagocytic histiocytes were identified in the spleen
(11 of 86 cases) (Fig. 2I, J). A proportion of spleens showed
significant diminution of white pulp; in 16 cases, white pulp
comprised 10% or less of the area of the parenchyma.
Features of the bone marrow included hemophagocytosis
(eight cases) (Fig. 2K), left-shifted granulopoiesis (four
cases), decreased erythroid precursors (one case), and
decreased megakaryocytes (one case).

Immunohistochemical stains were performed on lymph
nodes of six representative cases. In four cases, there were
mildly to markedly diminished CD3+ T lymphocytes, with
one case showing a concomitant decrease in B lympho-
cytes. The other two cases showed no overt loss of B or T
lymphocytes. All cases showed predominance of CD4+ T
lymphocytes over CD8+ T lymphocytes, with CD4+ to
CD8+ ratios ranging from approximately 3:1 to 30:1
(Fig. 2L, M).

Immunohistochemical stains of six representative spleens
showed normal distributions of CD3+ T lymphocytes and
CD20+ B lymphocytes within the white pulp, with pre-
dominance of CD4+ T lymphocytes over CD8+ T lym-
phocytes (CD4+ to CD8+ ratios ranging from
approximately 10:1 to 30:1, in five cases in which the ratio
was assessed).
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Central nervous system

Neuropathological examination of 63 brains, with histologic
evaluation of 58, revealed a range of abnormal pathology.
The most frequent pathological findings were of acute/
early-subacute infarction, observed in 19 of 58 cases and the
widespread associated presence of microthrombi, noted in
17 of 58 cases (Fig. 3A–F). At least one additional case
showed areas of necrosis/infarction restricted to the pituitary
(1 of 19 pituitaries examined). The vascular distribution of
the acute infarcts was variable: one case showed a large
cerebral artery territory infarct, but much more common
were small and patchy microinfarcts located within the
peripheral neocortex and the deeper gray matter structures,
some of which were ischemic and others hemorrhagic. A
notable and consistent abnormality was the presence of
microthrombi often associated with small and patchy
infarction, many less than 1 mm in size (Fig. 3A–F). Vas-
cular congestion appeared out of proportion to what is
typically seen, and was sometimes accompanied by acute
parenchymal microhemorrhages, suggestive of vascular

damage and reperfusion injury (Fig. 3B). Bacterial endo-
carditis was present in two cases, as well as subendocardial
inflammation in one case (see “Cardiovascular system”

below); these had associated multifocal cerebral infarcts/
lesions, without organisms on special stains. Of note,
immunohistochemical staining revealed robust expression
of the ACE2 receptor in intraparenchymal blood vessels
(Fig. 3G; controls in Supplementary Figure).

In addition to the frequent manifestation of infarcts, one
case (where autopsy also revealed acute endocarditis)
demonstrated features most consistent with acute dis-
seminated encephalomyelitis/acute hemorrhagic leukoence-
phalitis (ADEM/AHLE). Macroscopically, we observed
innumerable punctate hemorrhagic-like lesions within the
white matter (Fig. 3H), which histologically manifested as
numerous small foci of perivascular zones of demyelination
(Fig. 3I), each generally less than 1 mm in size, some with
mild focal acute perivenular inflammation and rare evidence
for perivascular hemorrhagic necrosis (Fig. 3I).

The remainder of brains examined, representing the
majority of cases, showed less striking histological

Fig. 2 Hematolymphoid system findings. A Lymph nodes with
necrosis (H&E, original magnification ×400); B hemophagocytic
histiocytes engulfing multiple cell types (H&E, original magnification
×1000) and C phagocytosing erythrocytes (H&E, original magnifica-
tion ×1000); and D follicle containing small, depleted, germinal center
(H&E, original magnification ×400). E Electron micrographs of a
lymph node revealing coronavirus-induced organelle-like replicative
structures consistent with double-membrane vesicles (DMVs), scale
bar, 0.25 µm and F intracytoplasmic spherically shaped virus particles
with characteristic electron-dense envelope and fine peplomeric

projections, scale bar 0.2 µm. G Lymph node with microthrombi
(H&E, original magnification ×400), H with platelets highlighted by
labeling for CD61 (original magnification ×400). I Spleen with
hemophagocytosis (H&E, original magnification ×1000), J with
splenic macrophages highlighted by labeling for CD163 (original
magnification ×1000). K Bone marrow with hemophagocytosis (H&E,
original magnification ×1000). L CD4 (original magnification ×100)
and M CD8 (original magnification ×100) labeling in a lymph node
demonstrating disproportionate loss of CD8+ T lymphocytes.
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abnormalities with minimal inflammation and slight neu-
ronal loss without prominent acute hypoxic-ischemic
changes. Of ten cases examined for inflammatory mar-
kers, a focal parenchymal infiltrate of CD3+ T lymphocytes
was detected above the normal range in three cases.
Importantly, widespread meningoencephalitis and viral
inclusions were not a prominent feature in any of the cases,
including in the olfactory bulbs and brainstem.

Cardiovascular system

All but 8 of 97 hearts examined had gross cardiac enlar-
gement, with many having left ventricular hypertrophy and
moderate to marked coronary atherosclerosis. All but one
case revealed varying degrees of myocyte hypertrophy and
interstitial fibrosis, consistent with preexisting hypertensive
and/or atherosclerotic cardiovascular disease. In four cases,

Fig. 3 Neuropathologic findings. A Coronal section of the right
cerebral hemisphere containing multiple acute microinfarcts and focal
region suggestive of a thrombosed and hemorrhagic blood vessel
(arrow). B Histological confirmation of an acute infarct with scattered
microhemorrhages and associated microthrombi (arrowheads). Insets:
two additional identified microthrombi (arrowheads) (H&E, ×400). C
Subacute microinfarct with foamy macrophages (H&E, ×100). D
Acute ischemic infarct associated with mildly hyperplastic and con-
gested blood vessels (H&E, ×400). E Blood vessels are highlighted by

CD34 (×400). F Area of microhemorrhage with associated reactive
changes within the basal ganglia (LFB, ×400). G Immunohisto-
chemical staining highlights ACE2 expression within many cerebral
blood vessels (ACE2, ×100, arrows). H Coronal section at the level of
the genu of the corpus callosum showing areas of hemorrhage and
myelin loss. I Histology of the corpus callosum lesions, demonstrating
small areas of perivascular myelin loss, highlighted by luxol fast blue
stain (LFB), rarely associated with hemorrhage (×400).
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there was patchy mild interstitial chronic inflammation
within the myocardium without associated myonecrosis,
and in one additional case there was a surprising moderate
subendocardial inflammatory infiltrate composed of pre-
dominantly CD3+ T lymphocytes (both CD4+ and CD8+)
and a similar number of CD163+ macrophages with a
smaller number of CD20+ B lymphocytes and a few scat-
tered neutrophils. In 31 out of 97 cases, there was a slight
patchy epicardial mononuclear infiltrate of predominantly T
lymphocytes, but which was similarly seen in age- and sex-
matched controls. In three cases, there were also small
vessel thrombi in areas where there were epicardial
inflammatory infiltrates, not seen in age- and sex-matched
controls. In a single case, there was hemophagocytosis
within an area of epicardial inflammation. There was no
evidence of vasculitis in any of the cases. In two cases there
was bacterial endocarditis.

COVID-19-related findings in the genitourinary, gastro-
intestinal, hepatobiliary, and endocrine systems were less
striking and are described in the Supplementary Results
section.

Discussion

COVID-19, the clinical syndrome caused by SARS-CoV-2,
is increasingly recognized as a far more complex multiorgan
and heterogeneous illness than initially anticipated. Some
patients display a diverse array of symptoms and compli-
cations, including thromboembolic disease even in the set-
ting of anticoagulant therapy [20], a hyperinflammatory
state, and clinical courses complicated by abrupt, unex-
pected deterioration during the recovery phase. In addition,
reports of morbidity in young patients [21] and children
with Kawasaki-like disease [22] are emerging.

Our autopsy series underscores the multisystem invol-
vement of COVID-19, although respiratory symptoms and
findings still predominated. With the exception of 17 cases,
all of the lungs showed DAD. Interestingly, four out of the
six cases of PE occurred among the first 17 autopsies
(performed on or before April 7, 2020), just before system-
wide COVID-19 anticoagulation guidelines were issued at
Mount Sinai on April 9, 2020. With the caveat that only a
fraction of patients who died of COVID-19 were autopsied
and that other factors may also be involved, it is possible
that these guidelines may have contributed to a sharp
decline in PE as a cause of mortality in COVID patients at
our institution, which is consistent with retrospective ana-
lyses of larger patient cohorts [23].

DAD is the common end result of a myriad of pulmonary
insults and is related to an underlying mechanism of alveolar
and endothelial damage. Like the COVID-19 cases, DAD was
also commonly reported in cases of Middle East respiratory

syndrome coronavirus (MERS-CoV), SARS-CoV-1, and
influenza [24–28]. Regardless of etiology, both type 1 pneu-
mocytes and capillary endothelial cells are typically affected
due to the extremely thin barrier between the two and the
presence of a fused basement membrane. The pathogenesis is
complex and numerous pathways are potentially involved
[29]. From a pathologic standpoint, an etiology for DAD is
usually not apparent from histologic findings alone. The
histologic features identified in the COVID-19 cases in our
series are typical of the range of findings reported in DAD,
and are similar to those published in other reports or series of
COVID-19 autopsies [4–7, 30–36]

The lack of prominent intra-alveolar fibrin in most cases
in our series is in contrast to the findings reported in a
component of SARS cases as well as in a postmortem
biopsy study of COVID-19 cases [26, 35]. Whether this
represents a different manifestation of disease in the SARS
cases or a different form of disease in earlier COVID-19
cases, respectively, is unclear. Given the alterations in
peripheral blood coagulation studies in many COVID
patients, the finding of fibrin and platelet thrombi is of
particular interest; however, both fibrin and platelet thrombi
are a well-recognized finding in cases of DAD [37, 38], and
coagulopathies and thrombi were also noted as a component
of SARS-CoV-1 and MERS [39]. It has been suggested that
the number of thrombi in COVID patients is greater than in
non-COVID DAD, and the capillary findings are similarly
more pronounced [5, 33, 40]. Capillary proliferations were
observed in 19 of our cases and only in the setting of acute
phase disease. The findings in our cases resembled those
reported by Magro et al. [41], and we did not observe
findings similar to those reported by De Michele, et al. [10].
Capillary proliferations have been reported in earlier
descriptions of DAD and would be an expected finding in
areas of ongoing repair following injury [37]. It is currently
unclear whether either of these more recently reported
vascular features corresponded to the findings reported by
Ackermann et al. [40]. Review of six cases of non-COVID
DAD from our autopsy files was performed, and they were
similarly stained with CD61. The non-COVID cases did
show fewer platelet thrombi in comparison to the COVID
cases, as well as fewer fibrin thrombi and capillary pro-
liferations; however, the cases were not controlled for
degree of hyaline membrane formation or length of disease
and some authors have contended that the histology of
COVID-19 versus non-COVID DAD shows no significant
differences [42]. Regardless, particularly in light of the
findings of microthrombi in the other organ systems,
including the brain, our observations support that coagulo-
pathy and thrombosis are a significant component of
COVID-19-related morbidity and mortality.

Review of hematolymphoid tissues showed histopatho-
logical features with possible correlations to COVID-19-
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related immune dysfunction. Notably, all spleens and a
large majority of lymph nodes showed absence of germinal
centers, and, where present, germinal centers tended to be
small and hypoplastic. This finding aligns with those of
Kaneko et al., who report absence of germinal centers in
lymph nodes and spleens of COVID-19 patients, and pro-
pose that this is the consequence of cytokine-mediated
disruption of BCL-6+ T follicular helper cell differentiation,
and may underlie compromised humoral immunity asso-
ciated with COVID-19 disease [43]. The majority of lymph
nodes that were immunohistochemically assessed showed
decreased T lymphocytes, with a disproportionate decrease
in the CD8+ subset, and relative preservation of B lym-
phocytes. While acknowledging small sample size, this may
be a histopathological analog to the decreased peripheral
blood lymphocyte counts in our cohort, and as previously
described in COVID-19 patients [44, 45]. Importantly,
however, the above findings must be interpreted with the
caveat that corticosteroid therapy may have contributed to
lymphocyte depletion in many of the patients.

The identification of hemophagocytic histiocytes in
lymph nodes, spleen, bone marrow, liver sinusoids, and
epicardium is consonant with the clinical picture of a
hyperinflammatory syndrome. However, the possibility of
secondary hemophagocytic lymphohistiocytosis (sHLH)
should only be invoked with caution, as presence of
hemophagocytic histiocytes is not specific to this diagnosis,
and may occur in other hyperinflammatory states such as
sepsis [46]. While the cases under review did not necessa-
rily meet criteria for diagnosis of hemophagocytic lym-
phohistiocytosis, as set forth by HLH-2004 guidelines [47],
evaluation was incomplete, as for the majority of these
patients, pertinent clinical data were lacking. While sHLH is
a rare entity, in adults it is most commonly precipitated by
viral infection [48], and is frequently associated with pul-
monary complications, including acute respiratory distress
syndrome (ARDS) [48]. It has been noted that cytokine
abnormalities in COVID-19 patients in many respects par-
allel those associated with sHLH [49]. Furthermore,
impairment of NK-cell function, a feature of primary HLH,
is described in association with COVID-19 disease [50].

Clinically, the finding of elevated CRP, cytokines IL-6,
IL-8, and TNFα in our patients are also consistent with a
hyperinflammatory state, and are part of the mechanism of
injury in ARDS and hypercoagulation [2, 29, 51]. Similar
findings have been previously reported in SARS-CoV-1 and
MERS, and have been more recently described in COVID-
19 patients [26, 52–54]. Among the altered cytokines, sig-
nificantly elevated IL-6 is a poor prognostic marker in cri-
tically ill patients [55, 56].

Necrosis observed in subsets of the lymph nodes and
spleens could potentially be attributed to viral cytopathic
effect, although the possibility of an ischemic component

cannot be excluded. Notably, electron microscopy of lymph
node tissue from one case showed features suggestive of
coronavirus replication in imperfectly preserved cells.
Although the lineage of these cells could not be firmly
established in view of the poor state of preservation, their
size excludes lymphocytes, endothelial cells, and granulo-
cytes, and absence of prominent lysosomes tends to exclude
macrophages. In view of their juxtaposition to basement
membrane, these could represent fibroblastic reticular cells
(FRCs); however, definitive classification will require fur-
ther investigation. FRCs have both a structural role, as well
as a multiplicity of immunomodulatory functions in lymph
nodes and other secondary lymphoid organs [57]; their
infection, if confirmed, could contribute to immunological
dysregulation in COVID-19 disease.

The major pathological findings in the CNS of COVID-
19 patients are related to the presence of multifocal
infarction, with higher than expected population frequency
[58] and atypical distribution, often associated with micro-
thrombi. Comorbid conditions, while present in many of the
cases, did not fully account for the type of infarcts seen and
their distribution. Hypertension, the most critical risk factor
for stroke [59], was present clinically and/or histologically
in 49 of the 58 cases. Infarcts related to hypertensive vas-
culopathy typically vary in age and are restricted to the
subcortical white matter and deep gray structures; they do
not present as multiple and simultaneously occurring lesions
of broad peripheral and deep gray distribution, as noted
herein. Diabetes mellitus, clinically present in five cases
with acute infarcts, is associated with accelerated athero-
sclerosis and small vessel ischemic disease [60], but simi-
larly would not be expected to be associated with multifocal
lesions of similar age in such a broad vascular distribution.
Hypertensive vasculopathy, diabetes [61], and cerebral
amyloid angiopathy typically result in hemorrhagic infarcts/
cerebral hemorrhages; in contrast, COVID-19 infarcts were
more often ischemic than hemorrhagic. Rather, the foci of
hemorrhage seen in COVID-19 cases appeared to be sec-
ondary to reperfusion injury, with focal punctate hemor-
rhages found within larger areas of necrosis. Given the
severe respiratory injury in COVID-19 cases, brain infarcts
secondary to low oxygenation would be suspected, with a
typically large and confluent infarction in a watershed
arterial flow territory. Such infarcts were seen in 2 of the 19
cases with acute infarction. Similarly, global hypoxia with
obvious diffuse swelling was seen in only four cases.

The appearance of microinfarcts in COVID-19 cases was
most reminiscent of thromboembolic etiology. Athero-
sclerotic or thromboembolic infarcts originating from
embolic fragmentation of large proximal atheromatous
plaque, atrial fibrillation, or endocarditis can cause multi-
focal acute infarcts in a distinct pattern similar to what was
seen with the examined COVID-19 cases. Atrial fibrillation
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is one of the most common conditions responsible for
multifocal acute embolic infarcts. However, despite hospi-
talization and close monitoring, atrial fibrillation was only
identified in two COVID-19 cases with acute infarction.
Only two cases of endocarditis were identified in our cohort.
Mycotic emboli can result in multifocal infarcts, similar to
endocarditis, but only one case showed organisms on spe-
cial stains and was associated with invasive pulmonary
aspergillosis and diffuse anoxic brain injury.

Overall, the increased incidence and pattern of multifocal
acute infarcts and numerous microthrombi, in both venous
and arterial vessels in a somewhat unusual distribution, raises
the possibility of unique vascular pathology related to
COVID-19. These findings conform with reported increased
risk for cryptogenic stroke in COVID-19 patients identified
by imaging studies [62] and sometimes too small for MRI
detection [63] and could explain some of the clinical neu-
ropsychiatric abnormalities seen in COVID-19 patients, such
as confusion and mental status change, as well as the still ill-
defined post-COVID neurological sequelae beginning to
emerge. Interestingly, immunohistochemical evaluation of
ACE2 in the brain demonstrates an ACE2-positive phenotype
in the endothelial cells of intraparenchymal blood vessels,
while the brain parenchyma itself does not show significant
staining for ACE2. In conjunction with the prominent vas-
cular findings seen in our patients, this suggests that the
endothelial cells themselves may be targeted by the virus and
mediate the vascular and neuropsychiatric symptoms seen in
COVID-19 patients in absence of encephalitis.

In addition to infarction, one case also showed evidence
for perivenular demyelination focally associated with
necrosis, most consistent with ADEM and/or its hyperacute
form, AHLE. ADEM/AHLE is presumed to be an auto-
immune disorder which usually occurs following an infec-
tion, most common in males and children or young adults
[64]. Several studies have now reported on the rare occur-
rence of an ADEM-like illness in COVID-19 patients [65–
69], consistent with our findings.

Postmortem studies are prone to some limitations, per-
haps the most important of which is the inability to assess
illness dynamics, as the evaluation takes place at the end of
the disease course. Tissue preservation is often a concern as
well, mitigated in part by the large number of rapid
autopsies in our series. In addition, the complexity of dis-
ease processes within this cohort (coinfections, organ
transplant, and malignancy) makes generalization about
COVID-19-related findings somewhat difficult.

Overall, our postmortem study of a large cohort of
COVID-19 patients emphasizes the multisystem effects of
COVID-19 infection, notably the role of extensive coagu-
lopathy and a hyperinflammatory state. Ongoing and future
studies targeting these pathways could potentially lead to a
shift in therapeutic strategies.
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