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Patients and Methods 

Study and control cohorts 

We performed autopsies of seven brains from COVID-19 patients (study cohort; 6:1            

male/female ratio) with a mean age of 71.5 years (range 54 to 96 yrs.). Of note, as we did not                    

perform autopsies in COVID-19 patients of the oldest old group (i.e. age > 80 yrs.), our study                 

cohort is likely only partly representative of the general population of COVID-19 deceased with              

regard to age [3, 11]. 

As control cohort, we analyzed brains of SARS-CoV-2 negative individuals (n=13) deceased            

during the same time period; this control cohort was further subdivided into non-septic controls              

(n = 8; 3:1 male/female ratio; mean age 80.5 yrs.; patients succumbed due to sudden death                

without systemic inflammatory response) and septic controls (n=5; 4:1 male/female ratio; mean            

age 72.8 yrs.; patients with severe systemic inflammatory or septic clinical course).            

SARS-CoV-2 status, as well as clinically relevant information for both study and control cohort              

patients, are summarized in Supplementary tables 1 and 2; treatment details of the study cohort               

are listed in Supplementary table 3. All autopsies were performed at the Institute of Medical               

Genetics and Pathology at the University Hospital of Basel, Switzerland. Six of the seven              

COVID-19 patients were part of a larger, recently reported whole body-autopsy cohort [7]. Our              

study was approved by the Ethics Committee of Northwestern and Central Switzerland (ID             

2020-00629 and 2020-00969). 

To avoid aerosolization in the case of COVID-19, brains were removed upon opening the skull               

with a handsaw [7]. Mean postmortem interval to brain removal was 28.2 hours (range 7 to 71                 

hrs.). Following in toto fixation in standard 4% (w/v) phosphate-buffered formalin, samples from             

various brain regions including several neocortical areas, cerebral white matter, hippocampus,           

amygdala, striatum, brainstem, medulla oblongata, cerebellum, olfactory bulb, and optic nerve           

were collected for each case.  

Clinical observations  

All but one of the COVID-19 patients suffered from hypertension or hypertensive cardiovascular             

disease and had multiple significant comorbidities (Suppl. table 1) known to correlate with             

poorer clinical outcome [4, 5, 7]. Whereas two patients (patients 5 and 7) were unconscious at                
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the time of hospitalization following rapid deterioration into cardiogenic shock, the other five             

presented with cough and flu-like symptoms at hospital admission. All patients of our study              

cohort were ante mortem diagnosed for COVID-19 using qRT-PCR from nasopharyngeal swabs            

(Suppl. table 4), whereas the patients of our control cohort, all of whom had multiple significant                

comorbidities as well, did not show clinical signs of COVID-19 and were tested negative by               

qRT-PCR. 

Four of seven COVID-19 study cohort patients were transferred to the intensive care unit (ICU)               

and received assisted ventilation. Except for two patients, who did not receive antiviral treatment              

due to contraindications, all study cohort patients received various regimens of antiviral therapy,             

such as hydroxychloroquine (5/7), remdesivir (1/7), and lopinavir/ritonavir (3/7) (Suppl. table 3).            

One patient died immediately after admission to the emergency room. Because of suspected or              

confirmed secondary bacterial respiratory infection, 5/7 patients were treated with antibiotics;           

two of them also received systemic antifungal treatment and the monoclonal IL-6 receptor             

antibody tocilizumab [10]. One patient was treated with convalescent plasma derived from            

recovered donors [2, 6]. Except for one patient who succumbed to multiple organ failure after               

initial presentation with acute heart failure and cardiogenic shock, all other patients of our study               

cohort (6/7) died of respiratory failure (Suppl. table 2).  

In one patient, who suffered from progressive multiple sclerosis (MS), no clinical aggravation of              

MS-related symptoms was noted in association with COVID-19, and likewise, upon histological            

examination, demyelinating foci of the cerebral white matter did not show any evidence of              

inflammation or myelophagia (not shown). In patient 3, who had a clinical history of              

long-standing extrapyramidal symptoms, brain autopsy revealed numerous Lewy bodies and          

Lewy neurites within the substantia nigra and the locus coeruleus (not shown), leading to the               

diagnosis of idiopathic Parkinson's disease. Also, this patient did not experience any worsening             

of his pre-existing neurological symptoms in association with COVID-19. 

Neurological symptoms in plausible association with COVID-19 were only verified in one patient             

of the study cohort, who reported dizziness at disease onset. All other study cohort patients               

could either not be asked (intubation with analgo-sedation/neuromuscular block at time of            

admission) or the reported neurological symptoms (disorientation and agitation) had already           
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started prior to hospitalization. Unfortunately, at that time, the loss of sense of smell and taste                

was not systematically recorded. 

Histology  

Formalin-fixed paraffin-embedded (FFPE) brain tissue samples were processed following         

standard histochemical protocols, including hematoxylin and eosin (H&E) staining.         

Immunohistochemical examinations were performed for fibrinogen (Dako, A0080), CD45/LCA         

(RP2/18), glial fibrillary acidic protein (GFAP; EP672Y), HLA-DR (Dako, M0775), ACE2           

(ab15348 Abcam), CD20 (L26), CD3 (2GV6), and alpha-synuclein (LB509) using Ventana           

BenchMark Ultra automated staining machine and the OptiView DAB IHC Detection Kit            

(Ventana, Roche) or stained manually using Stable DAB/Plus (Diagnostic Biosystems,          

Pleasanton, CA, USA).  

Fluorescent multiplex in situ RNA hybridization 

Multiplex in situ hybridization (ISH) was performed according to published protocols [9] and             

manufacturer’s recommendations (RNAscope multiplex fluorescent v2 assay kit, ACD         

Biotechne) to overcome technical difficulties such as high levels of background           

auto-fluorescence due to neuronal lipofuscin deposition [9]. Sequences of target probes,           

amplifier, and label probes are proprietary and commercially available (ACD Biotechne).           

Typically, target probes contain 20 ZZ probe pairs (approx. 50 bp/pair) covering 1000 bp. The               

following human manual RNAscope assay probes were used: ACE2, AQP4-C2 and SYT1-C3.            

Following deparaffinization, FFPE tissue slides were stained with TSA Plus Fluorophores           

(Fluorescein, Cyanine3, Cyanine5) and 4′,6-diamidino-2-phenylindole (DAPI). As quality control,         

channel-specific negative (DapB) and positive ISH probes (POLR2A-C1, PPIB-C2 and UBC-C3)           

were run in parallel. 

Image analysis 

Digital slide images were generated using a Ventana DP200 slide scanner (Roche) at maximum              

resolution. QuPath (v0.2.0-m12) [1] was used to annotate crack artifact-free brain regions for             

quantification of immunoreactivity with ImageJ [8]. Fluorescent images were taken with Leica            

TCS SP8 laser confocal (405/488/552/638 nm) microscope with 10x, 20x, 40x or 63x objectives;              

fluorescent confocal pictures are Z-stack images, unless stated otherwise. Images were           
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processed using Fiji ImageJ (v2.0) and exported to vector-based software (Adobe Illustrator,            

Affinity Designer, Inkscape) for figure generation. Data were analyzed using R (version 4.0.0)             

and visualized with ggplot2. Non-parametric testing was performed using a Wilcoxon rank-sum            

exact test with p value adjustment (Holm-Bonferroni method) for multiple hypotheses tests, with             

p values < 0.05 regarded as significant. 

Molecular analyses 

Postmortem viral load in the olfactory bulb, optic nerves, brainstem, and cerebellum was             

assayed by RT-qPCR. RNA from FFPE tissue was extracted using the RecoverAll Total Nucleic              

Acid Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA). Viral genomes were detected             

using TaqMan 2019nCoV Assay Kit v1 (Thermo Fisher Scientific), which targets three different             

viral genomic regions (ORFab1, S Protein, N Protein), and the human RNase P gene (RPPH1).               

Whereas virus detection in olfactory bulb and optic nerve did not show any obvious correlation               

with postmortem delay, we observed that, occasionally, with a long course of disease, even in               

severely affected tissues such as lung, no or very little virus was detectable (case 1).  
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Supplementary table 1: Patient clinical characteristics 
 

  patient 

case 

sex age 

(years) 

days from COVID-19 

symptom onset to death 

COVID-19 related 

symptoms at admission 

neurological symptoms 

related to COVID-19 

relevant comorbidities /  

risk factors 

pre-existing neurological 

conditions 

ICU 

 

C
O

V
ID

-1
9
 s

tu
d
y
 c

o
h
o
rt

 

 

1 F 68 13 cough, fever 
disorientation, 

agitation. 

HT, obesity, A, 

steatosis hepatitis 

chronic multiple sclerosis 

(treated with baclofen) 
Yes 

2 M 86 12 cough, rhinitis vertigo 

therapy-associated MDS-EB1 after 

APL, DM type 2, HT, dyslipidemia, 

PC (in remission) 

none No 

3 M 96 unclear fever, flu-like symptoms none 

coronary and valvular hypertensive 

heart disease, NSTEMI, 

hypothyroidism (substituted) 

Parkinson’s disease 

 
No 

4 M 66 23 
cough, fatigue, dyspnea, 

pre-renal failure 
none HT none Yes 

5 M 72 unclear circulatory shock none 

dilatative arteriopathy, occlusive 

peripheral arterial disease, coronary 

and valvular heart disease, 

paroxysmal atrial fibrillation. 

 

cerebrovascular disease 

(TIA) 
No 

6 M 59 at least 19 cough, dyspnea none HT, obesity, A none Yes 

7 M 54 at least 15 
circulatory shock with 

tachycardic atrial fibrillation 
coma (GCS 3) none none Yes 

 

s
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c
 c
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n
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o
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c
o
h
o
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8 M 90 - - - 

bronchial asthma, aortic valve 

stenosis, NSTEMI type II, 

hypertensive and valvular heart 

disease, DM type 2 

cerebrovascular disease, 

lacunar infarction in basal 

ganglia 

Yes 

9 M 70 - - - A, HT, pulmonary adenocarcinoma 

cerebrovascular disease, 

multiple old lacunar cerebral 

infarctions 

Yes 

10 M 64 - - - MDS-EB1 none Yes 

11 M 63 - - - 

A, coronary heart disease, multiple 

myeloma with allo-HSCT, systemic 

AL amyloidosis, gout  

none Yes 

12 F 77 - - - 
A, HT, plasma cell myeloma, 

melanoma 

cerebrovascular disease, old 

lacunar cerebral infarction 
No* 

n
o
n
-s

e
p
ti
c
 c

o
n
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o
l 
c
o
h
o
rt

 

13 M 89 - - - 
A, coronary and valvular heart 

disease, chronic kidney disease 
none No 

14 M 95 - - - 

A, obesity, coronary and valvular 

hypertensive heart disease, HT, 

ATTR amyloidosis 

none No 

15 M 79 - - - A, HT, colon carcinoma (i.r.) none No 

16 M 77 - - - 

coronary and valvular heart disease, 

severe aortic valve stenosis, 

myocardial infarction, A, 

DM type 1 

cerebrovascular disease, 

pontine lacunar infarction 
No 

17 M 83 - - - 

therapy-associated AML after 

radiotherapy of PC (i.r.), HT, A, 

coronary heart disease, DM type 2 

none No 

18 M 65 - - - 
A, systemic sclerosis, coronary heart 

disease, atypical CLL 
none No 

19 W 84 - - - 
A, pleural mesothelioma, breast 

cancer (i.r.), ovarial carcinoma (i.r.) 

multiple acute cerebral 

infarctions 
No 

20 W 72 - - - A, pulmonary adenocarcinoma none No 

 

A, atherosclerosis     

AML, acute myeloid leukemia   

APL, acute promyelocytic leukemia  

CLL, chronic lymphatic leukemia 

COPD, chronic obstructive pulmonary disease  

 

 

* was not admitted to the ICU due to palliative treatment 

 

 

 

 

CRP, C-reactive protein 

DM, diabetes mellitus 

GCS, Glasgow coma scale 

HSCT, hematopoetic stem cell transplantation  

HT, arterial hypertension    

 

 

 

 

 

 

 

ICU, intensive care unit 

i.r., in remission 

MDS-EB1, myelodysplastic syndrome with excess blasts 

NSTEMI, non-ST-elevation myocardial infarction 

PC, prostate carcinoma 

TIA, transient ischemic attack 



Supplementary table 2: Autopsy findings 

 

 

 

 patient 

case 

postmortem 

delay  

(hours) 

autoptic cause of 

death 

brain autopsy findings 

 

C
O
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o
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o
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1 20 respiratory failure 
bilateral periventricular demyelinated lesions in white matter 

without active resorption or inflammation 

 
2 26 respiratory failure no abnormalities noted 

 

3 24 respiratory failure 

Lewy body pathology in subst. nigra and locus coeruleus with 

moderate loss of dopaminergic neurons, arteriolosclerosis in 
basal ganglia, mild acute hypoxic-ischemic encephalopathy 

 
4 11 respiratory failure no abnormalities noted 

 

5 67 respiratory failure 

mild acute hypoxic-ischemic encephalopathy, moderate 

global brain edema without cerebral mass displacement, 
severe atherosclerosis of the basal cerebral arteries, 

moderate hydrocephalus ex vacuo 

 
6 39 respiratory failure mild acute hypoxic-ischemic encephalopathy 

 
7 71 multi organ failure no abnormalities noted 

 

s
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 c
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n
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o
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c
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8 40 cardiac failure old lacunar infarction in basal ganglia 

 
9 57 

aspiration 

pneumonia 
multifocal old lacunar infarctions 

 
10 14 

respiratory failure in 

fungal pneumonia 
no abnormalities noted 

 
11 8 

biliary peritonitis after 

cholecystectomy 
acute baso-lateral infarction 

 
12 29 pneumonia old lacunar infarction of the insula 

 

n
o

n
-s

e
p
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c
 c

o
n
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o

l 
c
o

h
o
rt

 

13 7 
cardiac failure with 

bronchopneumonia 

status cribrosus of basal ganglia, vascular 
leukencephalopathy 

 
14 17 

acute myocardial 

infarction 
no abnormalities noted 

 
15 7 acute cardiac failure 

status cribrosus of basal ganglia, vascular 
leukencephalopathy 

 
16 32 cardiac failure old lacunar infarction in pons 

 

17 12 

myocardial infarction 

with aspiration 

pneumonia 

acute hypoxic-ischemic encephalopathy, status cribrosus of 

basal ganglia, arteriolosclerosis 
 

 
18 27 cardiac failure no abnormalities noted 

 
19 45 

acute myocardial 

infarction 

acute cerebral and cerebellar infarctions in context of 

paraneoplastic embolic disease 

 
20 51 cardiac failure acute subarachnoid hemorrhage 

 

 



Supplementary table 3: COVID-19 study cohort treatment characteristics 

 

 

patient 
case 

antiviral treatment other systemic antiinfectives immunomodulatory 
treatment 

other relevant treatment 

1 hydroxychloroquine cefepime none none 

2 
lopinavir/ritonavir 

hydroxychloroquine 
amoxicillin/clavulanic acid  none vilanterol/fluticason inh. 

3 none none none none 

4 

lopinavir/ritonavir 

remdesivir 

hydroxychloroquine 

 

caspofungin  

piperacillin+tazobactam and 

clarithromycin, replaced by 

amoxicillin/clavulanic acid,  

replaced by meropenem and 

daptomycin 

 

tocilizumab none 

5 none none none none 

6 
lopinavir/ritonavir 

hydroxychloroquine 

clarithromycin 

amoxicillin/clavulanic acid  

caspofungin 
meropenem 

daptomycin 

tocilizumab dexamethasone 

7 hydroxychloroquine 
azithromycin, tazobactam, 

meropenem 
none 

amiodarone, 

reconvalescent plasma, 

plasma transfusions, 

ECMO, microaxial 

ventricular assist device 

 

ECMO, extracorporeal membrane oxygenation 



Supplementary table 4: RT-qPCR results for SARS-CoV-2 
 

 

patient 
case 

olfactory bulb optic nerve brainstem cerebellum lung 
SARS-CoV-2 test 

(nasopharyngeal swab) 

1 positive positive negative negative negative positive  

2 positive positive negative negative positive positive  

3 positive n.d. negative negative positive positive  

4 negative n.d. negative negative positive 
positive, also 

positive plasma 

5 negative n.d. negative negative positive positive  

6 positive n.d. negative negative positive positive  

7 negative negative negative negative n.d. 
positive, also  

positive plasma 

controls negative* n.d. negative* negative* negative*  negative (n=13) 

 

n.d. = not determined 

* all controls negative by swab test; therefore, RT-qPCR analyses of FFPE tissue samples was restricted to 3/13 

patients (all negative). 








