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Background: Histopathological studies have shown inflammation, cardiomyocyte injury, and microvascu- 

lar thrombosis in the ventricular myocardium of patients with coronavirus disease 2019 (COVID-19). How- 

ever, although atrial dysfunction is common in COVID-19, little is known about histopathological changes 

in the atria of the heart. We therefore analyzed inflammation, cardiomyocyte injury, and microvascular 

thrombogenicity in the atria of deceased patients with COVID-19. 

Methods: Atrial tissue was obtained from autopsied COVID-19 ( n = 16) patients and control patients 

( n = 10) and analyzed using immunohistochemistry. The infiltration of CD45 + leukocytes, CD3 + T lym- 

phocytes, CD68 + macrophages, MPO + neutrophils, and Tryptase + mast cells were quantified as well as 

cardiomyocyte damage and microvascular thrombosis. In addition, Tissue Factor (TF) and Factor XII (FXII) 

were quantified as markers of microvascular thrombogenicity. 

Results: The numbers of lymphocytes, macrophages, and neutrophils were significantly increased in the 

atrial myocardium and epicardial atrial adipose tissue of COVID-19 patients compared with the control 

group. This was accompanied by dispersed cardiomyocyte injury, the occasional presence of microvascular 

thrombosis, and an increased presence of TF and FXII in the microvascular endothelium. 

Conclusions: Severe COVID-19 induces inflammation, cardiomyocyte injury, and microvascular thrombosis 

in the atria of the heart. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cardiac involvement in coronavirus disease 2019 (COVID-19) 

as been well established. Multiple studies have reported ele- 

ated blood levels of cardiac troponin T (cTnT) and N-terminal 

ro-brain natriuretic peptide (NT-proBNP) in up to 36% of hospi- 
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alized COVID-19 patients, indicative of cardiac injury and stress 

1–3] . Moreover, COVID-19 patients with cardiac involvement 

ave been shown to have a higher morbidity and mortality rate 

4] . A multitude of studies has further characterized pathogenic 

issue alterations in the hearts of COVID-19 patients. Herein, 

ardiomyocyte injury, increased cardiac inflammation and lym- 

hocytic myocarditis, as well as microvascular angiopathy and 

hrombosis have been observed in the ventricles of the heart in 

utopsied COVID-19 patients [5–8] , and in ventricular endomy- 

cardial biopsies of living COVID-19 patients [ 9 , 10 ]. Moreover, 

car formation and edema have been shown in the ventricular 

yocardium of patients with ongoing [3] and recovered COVID-19 

11] , using cardiac magnetic resonance imaging. However, the atria 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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f the heart in COVID-19 have been less well studied, notwith- 

tanding atrial fibrosis resulting from atrial inflammation and 

ardiomyocyte injury could form a substrate for future atrial 

rrhythmias. 

Atrial dysfunction nevertheless appears to be a common com- 

lication in COVID-19 pathophysiology. Multiple studies have 

eported on the occurrence of atrial arrhythmia in COVID- 

9 patients. Atrial arrhythmia, including atrial tachyarrhyth- 

ia, fibrillation and (atypical) flutter, have been detected in 

p to 16.5% of hospitalized COVID-19 patients, and found to 

e more common than ventricular arrhythmia [12–16] . More- 

ver, the incidence of new-onset atrial arrhythmia among hos- 

italized patients without previous history of atrial arrhythmia 

as 4% to 5% [ 15 , 16 ], pointing to COVID-19-induced atrial 

ysfunction. 

Atrial arrhythmias in non-COVID-19 patients were previously 

hown to coincide with increased cellular and microvascular in- 

ammation in the atrial myocardium as well as in the epicar- 

ial atrial adipose tissue [ 17 , 18 ]. Inline herewith, in a recent case

eport, increased lymphocyte infiltration, cardiomyocyte necrosis, 

nd stenosing microangiopathy were observed in the right atrium 

f a deceased COVID-19 patient [19] , indicating that pathological 

hanges in patients with COVID-19 occur not only in the ventricles 

ut also in the atria. 

In this study therefore, we have analyzed inflammation, car- 

iomyocyte injury, microvascular thrombosis and markers of in- 

reased microvascular thrombogenicity in the atrial myocardium 

nd adipose tissue of COVID-19 patients. In addition, we have com- 

ared putative atrial pathological changes between patients who 

ied during the first and second wave of the pandemic as we have 

hown previously that (in conjunction with increased use of corti- 

osteroids) inflammation, injury, and thrombogenicity in the ven- 

ricles were markedly lower in the second wave than first wave 

OVID-19 patients [20] . 

. Method and materials 

.1. Patients 

All included patients were referred to the department of Pathol- 

gy of the Amsterdam UMC for autopsy. Tissue obtained from the 

eft and right atrium of in total 26 deceased patients were col- 

ected from biobank in Amsterdam UMC for this research: patients 

ith clinically confirmed SARS-CoV-2 infection who died of severe 

OVID-19 ( n = 16) and control patients who died of a cause not re-

ated to heart disease and who did not show any cardiac signs of 

ardiac disease at pathological examination ( n = 10). COVID-19 pa- 

ients who died in the first wave of the pandemic (March - April 

f 2020) were defined as wave 1 patients ( n = 6), while COVID-19

atients who died in the second wave (between October and the 

nd of December 2020) were defined as wave 2 patients ( n = 10).

ll control patients died at least a year before the start of the 

OVID-19 pandemic. The general histopathological and immuno- 

ogical findings of the first wave of COVID-19 patients were pre- 

iously published [8] . Moreover, all but one of the patients used in 

his study were included in a previous publication describing de- 

ailed histopathological findings in the ventricles of the heart [20] . 

or all autopsies, the tissue was obtained within 24 hours after 

eath and immediately fixed in formalin and then embedded in 

araffin. 

This study was approved by the ethical committee at Amster- 

am UMC, location VUmc (Amsterdam, the Netherlands), and con- 

orms to the principles of the Declaration of Helsinki. The use of 

utopsy material for research after completion of the diagnostic 

rocess was consented in all cases. 
2 
.2. Immunohistochemistry 

Transmural slide-mounted tissue sections (4 μm) including the 

picardial adipose tissue were used for analyses. Endogenous per- 

xidases were blocked with 0.3% H 2 O 2 in methanol for 30 minutes. 

ntigen retrieval was performed either by heat inactivation in Cit- 

ate buffer (pH = 6.0; for CD68, CD3, MPO, Tryptase, and C3d stain- 

ngs), Tris-EDTA buffer (pH = 9.0; for CD31 and tissue factor (TF) 

tainings) or enzymatically in 0.1% pepsin (37 ◦C for 30 minutes; for 

actor XII (FXII) stainings). No antigen retrieval was performed for 

D45 stainings. Primary antibodies were added for 1 hour at room 

emperature (RT): mouse-anti-human CD45 (1:100, Dako Santa 

lara, USA; M0701), rabbit-anti-human CD68 (1:400, Dako M0814), 

abbit-anti-human CD3 (1:100, Dako A0452), rabbit-anti-human 

PO (myeloperoxidase, 1:500, Dako, A0398), mouse-anti-human 

ryptase (1:100, Dako, M7052), rabbit-anti-human C3d (1:10 0 0 0, 

ako, A0063), mouse-anti-human CD31 (1:50, Dako; M0823), 

ouse-anti-human TF (1:250, Biorbyt Cambridge, UK; ORB100189), 

ouse-anti-human FXII (1:25, Sanquin). After a wash in PBS, the 

lides were incubated with goat-anti-rabbit/mouse Envision sec- 

ndary antibodies (undiluted, Dako; K5007) for 30 minutes at RT. 

he stainings were visualized using 3, 3 ′ -diaminobenzidine (DAB) 

0.1mg/mL, Dako) for 10 minutes and counterstained with hema- 

oxylin for 1 minute. For each staining, slides incubated without 

 primary antibody were included as a negative control and these 

lides were found to be negative (data not shown). 

.3. Immunopathological and immunohistochemical analyses 

All slides were analyzed using light microscopy (Zeiss, Ger- 

any, 200 × magnification). For all analyses we have analyzed 

ne transmural tissue sample from the left and one from the 

ight atrium (approximately 1 cm 

2 area each) including epicar- 

ial adipose and myocardium tissue. The numbers of extravascular 

D45 + (leucocytes), CD3 + (T lymphocytes), CD68 + (macrophages), 

PO + (neutrophils), and Tryptase + (mast cells) were counted in 

he myocardium and the adipose tissue of the atria separately. 

nly the CD45 + cells that were round with scant cytoplasm and 

howed a distinct peripheral reactivity for CD45 were counted 

21] . In addition, the numbers of blood vessels wherein TF and 

XII were present in/on the endothelium were counted in the 

yocardium and adipose tissue separately. The surface areas of 

he tissues were determined on scanned slides using a PathScan 

nabler IV slide scanner (Meyer Instruments, Houston, TX, USA) 

nd QuickPhoto Microanalysis software (Promicra, Prague, Czech 

epublic). For all markers, the numbers of positive blood vessels 

r cells were divided by the surface areas of the analyzed tissues 

nd calculated per mm 

2 . Immunoscoring was performed by 3 

ndependent researchers (L.W., P.A.J.K., and H.W.M.N.) and the 

nter-observation variation was below 10%. The presence of mi- 

rothrombi was assessed on H&E-stained slides and CD31-stained 

lides. Cardiomyocyte death was identified on complement factor 

3d-stained slides. In addition, myocarditis was defined as multiple 

oci inflammatory infiltrate associated with myocyte injury [ 6 , 20 ]. 

.4. Statistical analysis 

All statistical analysis was performed with SPSS (version 26.0, 

rmonk, NY, USA). All figures were made by GraphPad Prism soft- 

are version 9.0 (San Diego, CA, USA). Differences between the 2 

roups were evaluated by Student t-test with Welch’s correction 

r Mann-Whitney U test for Gaussian or non-Gaussian distributed 

ata respectively. Comparisons between multiple groups (more 

han 2) were evaluated by either a 1-way ANOVA or Kruskal- 

allis test with post hoc Tukey’s or Dunn’s multiple comparisons 
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Table 1 

Baseline patient characteristics 

Characteristic Control COVID-19 

Total Wave 1 Wave 2 

N 10 16 6 10 

Sex, male/female (%) 6/4 (60/40) 11/5 (69/31) 5/1 (83/17) 6/4 (60/40) 

Age, years mean ( ±SD) 49 ( ±13) 69 ( ±13) ✱✱ 68 ( ±14) 72 ( ±14) ✱✱ 

Comorbidities n (%) 

Hypertension 3 (30) 1 (6) 1 (17) 0 (0) 

Arrhythmia n.k. / 0 (0) n.k. 

Pulmonary disease n.k. 0 (0) 0 (0) 0 ( 0 ) 

Cardiac ischemia n.k. 3 ( 19 ) 2 ( 33 ) 1 ( 10 ) 

CHF n.k. 0 (0) 0 (0) 0 (0) 

Diabetes 0 (0) 0 (0) 0 (0) 0 (0) 

Active Malignancy n.k. 2 (13) 1 (17) 1 (10) 

Neurologic n.k. 5 (31) 2 (33) 3 (30) 

Post-mortem diagnosed ventricular 

inflammation n ( % ) 

LM 0 (0) 4 (25) 4 (67) 0 (0) 

DCI 0 (0) 12 (75) 2 (33) ## 10 (100) 

Thrombotic events n ( % ) 

Deep vein thrombosis 0 (0) 4 (25) 3 (50) 1 (10) 

Pulmonary embolism 0 (0) 9 (56) 3 (50) 6 (60) 

COVID-19 indicates patients with PCR-proven SARS-CoV-2 infection-related disease. COVID-19 patients who died between March and April 2020 were 

defined as the first wave of pandemic (wave 1) patients, while COVID-19 patients who died between October and the end of 2020 were defined as the 

second wave of pandemic (wave 2) patients. Control indicates patients who died at least one year before the start of the COVID-19 pandemic, did not 

have any form of heart disease and did not have inflammation and/ or thrombosis of the atria tissue ( n = 10). 

CHF, congestive heart failure; LM, lymphocytic myocarditis; DCI means diffuse cardiac inflammation; n.k., not known, i.e. the information is not retriev- 

able. Frequency distributions were analyzed with Fisher’s exact tests and age differences were analyzed with a Mann-Whitney U test. 
∗∗ P < .01 compared with the control group, 
## p < 0.01 between the first and second wave COVID-19. 
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or respectively Gaussian or non-Gaussian distributed data. Differ- 

nces in semi-quantitatively determined myocardial inflammation, 

s well as frequency distributions of non-parametric variables be- 

ween patient groups, were analyzed with Fisher’s exact test. P - 

alues < .05 were considered statistically significant. 

. Results 

.1. Pathologically defined patient groups 

The characteristics of the control ( n = 10), and COVID-19 pa- 

ients ( n = 16; wave 1: n = 6 and wave 2: n = 10) are presented in

able 1 . All COVID-19 patients were hospitalized. The sex distri- 

ution did not differ significantly between control and COVID- 

9 patients. The average age of the COVID-19 patients ( P = .0048) 

nd wave 2 COVID-19 patients ( P = .0026) was significantly higher 

ompared with the control group. The autopsy findings related to 

he cause of death are shown in Table 2 . All COVID-19 patients 

howed increased inflammation in the ventricles, which was di- 

gnosed as lymphocytic inflammation (LM) in 4 patients (25%) 

nd as diffuse cardiac inflammation (DCI) in 12 patients (75%), 

here it manifested as a dispersed mixed infiltration of lympho- 

ytes and macrophages [20] . LM was present only in wave 1 pa- 

ient, whereas DCI was present significantly more often in wave 2 

atients ( P = .0082). Pulmonary embolism and deep vein thrombo- 

is were prevalent in COVID-19 patients, being observed in 4 (25%) 

nd 9 (56%) of patients respectively, indicative of increased sys- 

emic thrombogenicity. No endocardial thrombi were found in the 

umen of the atria of any of the COVID-19 patients. Overt dilation 

f the atria or other remarkable macroscopical findings were not 

bserved. 

ECG data was available only from 7 of the included COVID-19 

atients. In 4 out of these 7 patients (57%) atrial fibrillation (AF) 

as recorded. In 2 patients without AF the ECG was normal, while 
3

n one non-AF patient right bundle branch block was observed 

Supplementary Table 1). 

.2. Inflammation is increased in the atria of COVID-19 patients 

In COVID-19 patients CD45 + leukocytes ( Fig. 1 A), CD3 + T 

ymphocytes ( Fig. 1 B), CD68 + macrophages ( Fig. 1 C), MPO +
eutrophils ( Fig. 1 D), and mast cells ( Fig. 1 E) were present dif-

usely throughout the atrial tissue, both in the myocardium as 

ell as in the epicardial adipose tissue. In control patients only 

ery low numbers of these inflammatory cells were counted 

 Fig. 2 ). In COVID-19 patients however, the numbers of CD45 + 

ells/mm 

2 ( Fig. 2 A; P < .01), CD3 + cells/mm 

2 ( Fig. 2 B; P < .01),

D68 + cells/mm 

2 ( Fig. 2 C; P < .001), and MPO + cells/mm 

2 ( Fig. 2 D,

 < .01) were significantly increased compared with control pa- 

ients. Macrophages showed the most numerous increases as their 

umbers were over 100-fold higher in COVID-19 patients than in 

ontrols. In contrast, the numbers of mast cells/mm 

2 ( Fig. 2 E) did 

ot differ significantly between COVID-19 and control patients. The 

ncreased inflammation in COVID 19 compared to control patients 

as present both in the right and left atrium (not shown). 

In previous studies, we have observed that atrial inflammation 

n AF patients was more prominent in the adipose tissue than 

n the myocardium [ 17 , 18 ]. We therefore compared the inflamma- 

ory infiltrate in COVID-19 patients between the myocardium and 

dipose tissue also. The observed significant increases in CD45 + , 

D3 + , CD68 + , and MPO + cells/mm 

2 in COVID-19 patients com- 

ared to controls, were present both in the myocardium (respec- 

ively, P < .05, P < .01, P < .001, and P < .05) and the epicardial adi-

ose tissue (respectively, P < .01, P < .01, P < .001, and P < .01) ( Fig. 2 A-

). However, no significant differences were observed between the 

umbers of any of the analyzed inflammatory cells between the 

trial myocardium and adipose tissue ( Fig. 2 A-E). 

Lastly, recently we observed in these patients that inflamma- 

ion in the ventricles of the heart was markedly lower in wave 2 
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Fig. 1. Examples of immunohistochemical staining of CD45 + leukocytes ( A ) CD3 + T lymphocytes ( B ) CD68 + macrophages ( C ) MPO + neutrophils ( D ) and Tryptase + mast 

cells ( E ) (black arrows) in the atria of patients with COVID-19. M myocardium, A adipose tissue. Scar bar = 50 μm and 20 μm. 

4 
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Fig. 2. Inflammatory cells in the atria of control (Con, n = 10) patients and COVID-19 ( n = 16) patients. Box-and-whisker plot depiction of the number of ( A ) CD45 + leukocytes 

( B ) CD3 + T lymphocytes ( C ) CD68 + macrophages ( D ) MPO + neutrophils, and ( E ) Tryptase + mast cells per mm 

2 of the total atrial tissue per mm 

2 of the total atrial tissue, 

as well as the myocardium (Myo) and the adipose tissue (Adi) separately, of control (Con, n = 10) and COVID-19 ( n = 16; wave 1, n = 6; wave 2, n = 10) patients. Each point 

represents the value of 1 individual patient, the bars represent mean ± SD. � means compared with the myocardium of the control group; Ф means compared with adipose 

tissue of the control group. �/ Ф / ∗P < .05, ��/ ФФ / ∗∗P < .01, ���/ ФФФ / ∗∗∗P < .001. 

5 
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Table 2 

The cause of death 

COVID-19 ( n = 16) Cause of death 

Wave 1 ( n = 6) 

#1 COVID-19 pneumonia with lymphocytic myocarditis with intramyocardial thrombi 

#2 COVID-19 pneumonia with lymphocytic myocarditis with intramyocardial thrombi 

#3 COVID-19 pneumonia with sepsis and lymphocytic myocarditis 

#4 COVID-19 pneumonia with cerebral inflammation (COVID-19 related) 

#5 COVID-19 pneumonia with lymphocytic myocarditis and recent myocardial infarction 

#6 COVID-19 pneumonia with lymphocytic myocarditis with intramyocardial thrombi and hypoxic encephalopathy 

Wave 2 (n = 10) 

#1 COVID-19 pneumonia 

#2 COVID-19 pneumonia with massive pulmonary thromboembolism 

#3 COVID-19 pneumonia 

#4 COVID-19 pneumonia with a recent myocardial infarction with a rupture of the ventricle wall 

#5 COVID-19 pneumonia 

#6 COVID-19 pneumonia with a recent myocardial infarction 

#7 COVID-19 pneumonia 

#8 COVID-19 pneumonia and massive pulmonary thromboembolism 

#9 COVID-19 pneumonia with a recent myocardial infarction 

#10 COVID-19 pneumonia 

Control (n = 10) 

#1 Car accident with rupture of the aorta 

#2 Cerebral hemorrhage 

#3 Bronchopneumonia 

#4 Unknown cause of death 

#5 Anaphylactic shock 

#6 Cerebral infarction 

#7 Unknown cause of death 

#8 Dissection of the aorta 

#9 Gastro-intestinal hemorrhage due to ruptured duodenal ulcer/ulcers 

#10 Cerebral hemorrhage 
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atients than in wave 1 patients [20] . In contrast, the numbers of 

nflammatory cells were similar and there were no significant dif- 

erences in the atrial myocardium nor the adipose tissue between 

ave 1 and wave 2 COVID-19 patients ( Fig. 2 A-E). 

.3. Cardiomyocyte injury and increased microvascular 

hrombogenicity in the atria of COVID-19 patients 

We then analyzed whether the observed inflammation coin- 

ided with cardiomyocyte death in the atria. In control patients no 

ardiomyocyte death was observed. However, in COVID-19 patients 

ardiomyocyte death, objectified by complement factor C3d im- 

unostaining, was observed in dispersed individual cells ( Fig. 3 A). 

otably, cardiomyocyte death occurred significantly more often in 

ave 1 patients (50%, 3 of 6) than in wave 2 patients (30 %, 

 of 10) ( Fig. 3 B, P = .006). Furthermore, we detected intravascu-

ar thrombi consisting of aggregated CD31 + platelets and fibrin 

ithin the myocardial microvasculature of the atria in 3 COVID- 

9 patients ( Fig. 3 C), while no intravascular thrombi were found in 

ontrol patients. These intravascular thrombi were all observed in 

ave 2 COVID-19 patients, while none were found in wave 1 pa- 

ients ( Fig. 3 D, P < .001). 

The presence of procoagulant factors TF and FXII in the atrial 

icrovasculature was also analyzed a. Only blood vessels wherein 

he procoagulant factors were present on the endothelium were 

ounted ( Fig. 4 A and B). In control patients the numbers of TF +
nd FXII + blood vessels were low. In COVID-19 patients the num- 

er of TF + blood vessels in the atria were higher than in controls, 

lthough not significantly ( Fig. 4 C; P = .067), while the number 

f FXII + blood vessels were significantly higher than in controls 

 Fig. 4 D, P < .05). The TF + and FXII + vessels were distributed

hroughout the myocardium and the adipose tissue. Interestingly, 

e observed significantly more TF + vessels in the adipose tissue 

ompared with the myocardium in COVID-19 patients’, especially 

n wave 1 ( Fig. 4 C, P < .01), while for FXII the numbers were similar
6 
etween myocardium and adipose tissue and between wave 1 

nd wave 2 ( Fig. 4 D). Notably, the numbers of TF + and FXII +
essels did not differ significantly between COVID-19 patients with 

hrombi ( n = 3) and without thrombi ( n = 13). 

. Discussion 

Atrial dysfunction is a relatively common complication in 

OVID-19. However, knowledge about histopathological changes in 

he atria in patients with COVID-19 is limited. In the present study, 

e observed significant increases in lymphocyte, macrophage and 

eutrophil infiltration, both in the myocardium and adipose tissue 

f the atria. In addition, dispersed cardiomyocyte injury and mi- 

rovascular thrombosis were present in part of the COVID-19 pa- 

ients, as well as an increased presence of procoagulant factors in 

he microvascular endothelium. 

The inflammation, cardiomyocyte injury and microvascular 

hrombosis we observed in the atria of COVID-19 patients are sim- 

lar to those observed by us and others in the ventricles of the 

eart [ 2 , 5-8 , 20 ]. Remarkable was the 100-fold increase in diffuse

nterstitial macrophages in the atria. This corresponds to the pre- 

iously observed high levels of diffuse macrophage infiltration in 

he ventricles in approximately 90% of autopsied COVID-19 patients 

 6 , 20 ]. Moreover, increases in specifically macrophages were pre- 

iously noted in the ventricles of patients with SARS-CoV-1 infec- 

ion [ 22 , 23 ], indicating that cardiac macrophage infiltration may be 

 general feature of SARS-CoV infection, at least in severe cases. 

n addition, previous studies have shown increased numbers of 

D68 + macrophages in the hearts of patients with chronic car- 

iac diseases such as ischemic heart disease [24] and amyloido- 

is [25] , as well as patients with sepsis [26] . The high numbers of

nfiltrated macrophages we observed in the atria of COVID-19 (up 

o 400 + per mm 

2 ) are especially comparable to those observed in 

he hearts of septic patients [26] , albeit these were quantified in 

he left ventricle. 
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Fig. 3. (A) Immunohistochemical example of cardiomyocyte death (objectified with complement factor C3d) and ( B ) the percentage of patients wherein cardiomyocyte death 

was observed in wave 1 ( n = 6) and wave 2 ( n = 10) COVID-19 patients. ( C ) Immunohistochemical example of intravascular aggregated CD31 + platelets and fibrin, indicative 

of a microvascular thrombus in COVID-19 patients and ( D ) the percentage of patients wherein microvascular thrombi were observed in wave 1 ( n = 6) and wave 2 ( n = 10) 

COVID-19 patients. ∗∗P < .01, ∗∗∗P < .001 were analyzed by Fisher’s exact test. 
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As it is true for the ventricles, the causes for these histopatho- 

ogical changes in the atria remain unclear and could include 

irect SARS-CoV-2 infection, increased systemic inflammation and 

oagulability, as well as hemodynamic changes. However, this 

emains to be elucidated. In addition, atrial inflammation may 

ccur secondary to ventricular inflammation and disease, as was 

hown in patients with LM and stress myocarditis and myocardial 

nfarction [18] . However, the decrease in ventricular inflammation 

e reported previously in wave 2 patients compared to wave 

 patients [20] , was not observed in the atria in the current 

tudy. Although cardiomyocyte injury occurred less frequently in 

ave 2 patients, inflammation and the presence of microvascular 

rocoagulant factors were similar, while the occurrence of mi- 

rovascular thrombosis was even higher than in wave 1 patients. It 

hus appears unlikely that the atrial pathology we observed here 

s solely a result of COVID-19-associated ventricular pathology. 

ndeed, it was suggested that the resulting atrial tachyarrhythmia 

as related to the amount of atrial inflammation, rather than to 

OVID-19 exclusively [15] . Moreover, in said study we argued that 

he decreased ventricular pathology in wave 2 patients most likely 

esulted from advances in the clinical management of COVID-19, 

ncluding the increased use of the corticosteroid dexamethasone 

n severely ill patients specifically. If this is true, our current 

tudy shows that the atria may respond differently to the clini- 

al treatment than the ventricles. In addition, the prevalence of 

ARS-CoV-2 strain variants differed between the first and second 

ave [27] , which theoretically could be a contributing factor 

n the results of our study, although evidence for this so far is 

acking. 
7 
The increase in atrial inflammation in COVID-19 patients may 

epresent an arrhythmic substrate and predispose toward arrhyth- 

ia development and may, in part, explain the increased occur- 

ence of atrial tachyarrhythmia, fibrillation and flutter in hospital- 

zed COVID-19 patients [12–16] . Indeed, in our study atrial fibril- 

ation was recorded in 4 out of the 7 patients from whom ECG 

ata were available, albeit we do not know whether this was new- 

nset atrial fibrillation or not. However, also in patients recovered 

rom COVID-19, such proarrhythmogenic substrate may predispose 

o late-onset atrial fibrillation and its consequences such as stroke 

nd heart failure. Increased numbers of infiltrated lymphocytes, 

acrophages and neutrophils have been found in the atria of pa- 

ients with atrial fibrillation (AF), especially in the atrial adipose 

issue [ 17 , 18 ]. Recent studies point to the epicardial adipose tissue 

EAT) as an important endocrine organ that affects cardiomyocyte 

nd vascular function both in physiological and pathophysiological 

onditions also in the atria. For instance, EAT volume was shown 

o be associated with abnormal atrial conduction [28] and arrhyth- 

ia [29] and the inflammatory activity of EAT, as measured by 18- 

uorodeoxyglucose (FDG) uptake in left atrial EAT, was found to 

e increased in AF patients [30] . Furthermore, significant EAT at- 

enuation and increased density, a proposed sign of increased adi- 

ose tissue inflammation, was observed in patients with severe 

nd critical COVID-19 using computed tomography (CT) imaging 

31] , which is in line with the increased inflammatory cell den- 

ity in the atrial adipose tissue we show here. However, dexam- 

thasone therapy was found to associate with a reduction of this 

T-observed EAT density, thus indicative of decreased EAT inflam- 

ation, in COVID-19 patients [32] . These results, although in agree- 
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Fig. 4. (A) An example of the presence of TF + blood vessels and ( B ) FXII + blood vessels in the atrial adipose tissue in COVID-19 patients. ( C ) The number of TF + blood 

vessels and ( D ) the number of FXII + blood vessels per mm 

2 of the total atrial tissue, as well as the myocardium (Myo) and the adipose tissue (Adi) separately, of control 

(Con, n = 10) and COVID-19 ( n = 16; wave 1, n = 6; wave 2, n = 10) patients. Scar bar = 20um. Each point in the graphs represents the value of one individual patient, the bars 

represent mean ± SD. � means compared with the myocardium of the control group; Ф means compared with adipose tissue of the control group. ∗P < .05, ∗∗P < .01. 
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died in 2020. Putative effects of later SARS-CoV-2 strains such as 
ent with our previous findings in the ventricles [20] , do not con- 

ur with the persistent atrial inflammation in wave 2 COVID-19 

atients we show here. Notably, in these studies the EAT density 

as determined at the mid-level of the left anterior descending 

oronary artery and thus in ventricular EAT, not in atrial EAT, and 

t was shown before that the transcriptome of EAT differs con- 

iderably depending on its anatomical location [33] . Interestingly, 

orticosteroid treatment was recently shown to associate with an 

ncreased risk of developing AF in hospitalized COVID-19 patients 
8 
34] and patients without pulmonary and cardiovascular diseases 

35] . Whether this relates to the persistent atrial inflammation in 

ur wave 2 COVID-19 patients remains to be elucidated. Unfortu- 

ately, atrial arrhythmias were not analyzed in our patient cohort 

nd hence we could not verify putative associations between the 

bserved atrial pathology and the occurrence of arrhythmia. 

A limitation of this study is the relatively small number of pa- 

ients we could include. Moreover, all included COVID-19 patients 
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he alpha, delta, and omicron variants, as well as vaccinations, 

ere therefore not analyzed. Moreover, we used atria tissue from 

atients who died from very severe COVID-19 and to what extent 

he atrial pathology we present here occurs in patients with less 

evere COVID-19 remains to be established. Similarly, we cannot 

omment on the potential reversibility and the sequelae of the in- 

ammatory and structural changes we report here. Furthermore, 

he atria were sampled in one location only. We cannot exclude 

he possibility that the observed histopathological changes are het- 

rogeneous and may differ between atrial locations. This notion 

hould be considered when interpreting the current data. As ECG 

ata was available only from the part of the already limited num- 

er of COVID-19 patients, the relation between the atrial pathol- 

gy we describe here and atrial arrhythmias thus requires further 

tudy. Lastly, the average age of the control group was lower than 

he COVID-19 group, although we do not believe it likely that age 

as an important confounder in the observed atrial pathology we 

bserved in the COVID-19 group. 

In conclusion, our study shows the occurrence of cardiomy- 

cyte death and increased inflammation and microvascular throm- 

ogenicity in both the myocardium and adipose tissue of the atria 

n patients with COVID-19, which may impact atrial function and 

rrhythmogenesis, both during acute disease and during follow-up. 
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