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Abstract
Electrocardiography is one of the basic diagnostic tests performed in hospitalized coronavirus disease 2019 (COVID-19) 
patients. Due to its wide availability and low cost, it is useful in the initial evaluation of COVID-19 patients with a history 
of cardiovascular disease, and patients with suspected cardiovascular complications in the course of the infection. 
Electrocardiographic findings seen in COVID-19 patients may include P wave and atrioventricular conduction abnormali-
ties, QRS complex alterations including their fragmentation, evidence of right ventricular overload, ST-T changes, and 
QTc interval prolongation. The most common cardiac arrhythmias are supraventricular arrhythmias, particularly atrial 
fibrillation.
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Introduction

Coronavirus disease 2019 (COVID-19) is an infectious 
disease caused by severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2), a RNA virus of the betaco-
ronavirus genus. Its reservoir are infected persons, and 
its transmission is airborne, mostly by droplets, but likely 
also by aerosol and direct contact. The receptor used for 
viral entry into the cells is angiotensin converting enzyme 
type 2 (ACE2). The incubation period is typically 2 to 14 
days but it may be prolonged up to 27 days. Infection may 
be asymptomatic or it may manifest with unspecific symp-
toms, such as decreased or elevated body temperature, 
fatigue, cough, rhinitis, smell and taste impairment, and 
headache. In some cases, pneumonia develops, or even 
acute respiratory distress syndrome (ARDS) or sepsis. 
Immune system response to viral antigens plays a major 
role in the pathomechanism of severe disease forms, with 
the release of proinflammatory cytokines and chemokines, 
leading to a systemic inflammatory reaction known as 
cytokine storm [1].

Although more severe forms of COVID-19 mostly affect 
the respiratory system, cardiovascular complications may 
also be important. In addition, patients with a history of 
cardiovascular disease are at increased risk of severe dis-
ease course [1, 2]. Cardiovascular complications related to 
COVID-19 may be divided into five categories:

—— Myocardial damage (related to myocardial ischemia 
or myocarditis);

—— Cardiac arrhythmia;
—— New-onset heart failure or exacerbation of chronic he-

art failure;
—— Thromboembolic complications;
—— Cardiovascular complications related to COVID-19 the-

rapies [3].
Electrocardiography (ECG) is one of the basic diagnostic 

tests performed in hospitalized COVID-19 patients. Due to 
its wide availability and low cost, it is useful in the initial 
evaluation of COVID-19 patients with a history of cardiova-
scular disease, and patients with suspected cardiovascu-
lar complications in the course of the infection. Since the 
beginning of the COVID-19 pandemic, numerous reports 
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In their study, Abrams et al. [8] included 133 patients 
with confirmed SARS-CoV-2 infection who died during the 
hospitalization. The most common changes noted in ECG 
on admission included cardiac axis deviation (25.8%) and 
RBBB (11.9%). Death due to cardiac arrhythmia occurred 
in 11 (8.3%) cases, and left bundle branch block (LBBB) 
and prolongation of corrected QT (QTc) interval were more 
frequently noted in baseline ECGs in this patient group [8].

Yıldırım et al. [9] analysed ECGs in patients with con-
firmed SARS-CoV-2 for the presence of fragmented QRS 
(fQRS). The study included 114 patients. ECG showed fQRS 
in 42 (36.8%) patients, and this group was characterized 
by a significantly longer duration of hospital stay, higher 
rate of admission to an intensive care unit, and higher all- 
-cause and cardiovascular mortality. Longer QRS duration 
correlated with the length of hospital stay and showed an 
association with the need for admission to an intensive 
care unit, and all-cause and cardiovascular mortality [9].

ST-T changes

Li et al. [10] evaluated 135 hospitalized patients at the 
mean age of 64 years. The most commonly noted ECG 
abnormalities were ST-T changes, present in 40% of pa-
tients. Of all patients included in the analysis, 23 (17.0%) 
required admission to an intensive care unit. Significantly 
more common ECG findings in this group included ST-T 
changes, pathological Q wave, and QTc interval prolon-
gation. A follow-up ECG during the hospitalization was 
recorded in 27 patients and new abnormalities were 
identified in 17 of them. Statistical analysis showed that 
ST-T changes in the admission ECG and a history of car-
diovascular disease were associated with a significantly 
higher risk of admission to an ICU [10]. Angeli et al. [11] 
also noted frequent ST-T changes in COVID-19 patients. In 
their study, ST-T changes were present in the admission 
ECG in 30% of patients.

Wang et al. [12] analysed the characteristics of COV-
ID-19 patients in relation to the clinical course of the dis-
ease. The study included 319 patients. Of these, 97 pa-
tients were critically ill, and the disease was severe in 
222 patients. Among critically ill patients, ST-T changes, 
sinus tachycardia, atrial fibrillation, and atrial tachycardia 
were significantly more common compared to the patients 
with severe disease. Elevated troponin I and N-terminal pro-
B-type natriuretic peptide (NT-proBNP) levels were indepen-
dent predictors of ST-T changes in ECG [12, 13].

QTc interval changes

QTc interval prolongation has been frequently reported in 
COVID-19. Its occurrence has been noted in the previously 
cited study by Li et al. [10]. Chen et al. [14] analysed the 
clinical course of the disease in 63 hospitalized patients 

have been published on ECG changes in infected patients. 
These analyses and observations highlight the complexity 
and diversity of these changes, indicating a need for furt-
her studies looking for changes specific for COVID-19. Be-
low, we report the types and characteristics of ECG chan-
ges reported by different authors.

P wave changes and atrioventricular  
conduction disturbances

P waves should be evaluated when analysing an ECG in 
a patient with COVID-19.

Yenerçağ et al. [4] evaluated P wave changes in 140 pa-
tients with newly diagnosed SARS-CoV-2, comparing their 
results to a gender- and age-matched control group. In the 
study group, an increased P wave dispersion was found that 
correlated with serum C-reactive protein (CRP) level. During 
further follow-up with the mean duration of 14 days, new- 
-onset atrial fibrillation was noted in 13 (9.3%) of patients 
infected with SARS-CoV-2. Eleven patients in the latter sub-
group required admission to an intensive care unit (ICU) [4].

Amaratunga et al. [5] reported a series of 4 patients 
with no history of bradyarrhythmia admitted to an inten-
sive care unit, in whom transient sinus bradycardia with 
the minimal heart rate of 42-49 beats per minute (bpm) 
was observed during the hospitalization. Their heart rate 
on admission ranged from 66 to 88 bpm [5]. Babapoor-
Farrokhran et al. [6] reported two female patients with CO-
VID-19. One of them was a 69-year-old woman with a history 
of hypertension and diabetes type 2, in whom sinus rhythm 
with the rate of 78 bpm was noted in an ECG recorded on 
admission but transient 2:1 second degree atrioventricu-
lar block with the QRS rate of 40 bpm was observed during 
the hospitalization. The patient reported no symptoms as-
sociated with conduction disturbances. The other patient 
was an 89-year-old woman with a history of hypertension 
in whom sinus rhythm with the rate of 85 bpm and the 
evidence of left ventricular hypertrophy were noted in the 
baseline ECG. On the eight day of hospital stay, pauses up 
to 5.3 seconds due to sinus arrest were recorded during 
ECG monitoring. Over the next days, shorter pauses up to 
2-3 seconds were observed, with their complete resolution 
by the tenth day of hospital stay [6].

QRS complex changes

Bertini et al. [7] analysed ECGs recorded on admission in 
431 critically ill COVID-19 patients (hospitalization resulting 
in death or a need for mechanical ventilation). Changes 
suggesting an acute right ventricular pressure overload 
(RVPO) were noted in 130 (30%) patients, including the 
S1Q3T3 pattern in 43 (10%) patients, incomplete right bun-
dle branch block (iRBBB) in 38 (9%) patients, and complete 
right bundle branch block (RBBB) in 49 (11%) patients [7].
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with a confirmed SARS-CoV-2 infection. Tests performed 
during the hospitalization included a standard 12-lead ECG 
and serum markers of myocardial damage (high-sensitivity 
troponin I, myoglobin, and creatine kinase isoform MB [CK-
-MB]). The patients were divided into groups with or without 
evidence of myocardial damage depending on whether an 
elevated serum level of at least one of the above biomar-
kers was identified. Overall, evidence of myocardial damage 
was found in 23 patients and this group was characterized 
by an increased mortality, and higher rates of QTc interval 
prolongation and T wave changes on ECG. In addition, QTc 
interval duration was found to be an independent predictor 
of myocardial damage, and the presence of T wave changes 
was an independent predictor of mortality [14].

Öztürk et al. [15] compared ECG parameters in 51 hos-
pitalized COVID-19 patients and 40 age- and gender-
matched controls. A significantly higher mean QTc interval 
duration was found in COVID-19 patients (410.8 ± 24.3 ms 
vs. 394.6 ± 20.3 ms, p < 0.001) [15].

QTc interval changes in COVID-19 patients should be 
always interpreted in the context of medications taken by 
the patients. In the study by van den Broek et al. [16], ECG 
changes were analysed in 95 patients receiving chloroquine 
for COVID-19. ECG was recorded at baseline and during 
treatment. Statistical analysis showed that the mean QTc 
interval prolongation was 35 ms. During the therapy, QTc in-
terval increased to above 500 ms in 22 (23%) patients [16].

Previous therapeutic uses of chloroquine have included 
the treatment of malaria, systemic lupus erythematosus 
and rheumatoid arthritis. An anti-inflammatory effect and 
an in vitro antiviral effect have been noted among its key 
mechanisms of action. Use of chloroquine for the treat-
ment of COVID-19 has been enthusiastically welcomed, 
with promising early reports of the treatment results. How-
ever, further studies did not confirm the expected benefits 
of chloroquine [17, 18].

Cardiac arrhythmia

Bhatla et al. [19] evaluated the incidence of cardiac 
arrhythmia in hospitalized COVID-19 patients. The study 
included 700 patients at the mean age of 50 ± 18 years. 
Admission to an intensive care unit was required in 11% of 
these patients. Over the course of the hospitalization, 53 
episodes of new-onset arrhythmia were recorded, include 
25 episodes of atrial fibrillation and 10 episodes on non-
-sustained ventricular tachycardia. In addition, 9 cardiac 
arrest events occurred, including 6 episodes of pulseless 
electrical activity, 2 episodes of asystole, and 1 episode of 
torsade de pointes. In statistical analysis, admission to an 
intensive care unit was associated with the occurrence of 
atrial fibrillation and non-sustained ventricular tachycardia 
episodes [19].

The analysis in a multicentre study by Coromilas et al. 
[20] included 4526 hospitalized patients with a confirmed 
SARS-CoV-2 infection. During the hospitalization, new-on-
set arrhythmia occurred in 827 patients. The mean age 
of this subgroup was 71.1 ± 14.1 years, higher compared 
to the mean age of the overall study population (62.8 ±  
± 17.0 years). A history of cardiovascular disease was 
relatively frequent in this subgroup, with hypertension in 
69%, heart failure in 30%, and coronary artery disease in 
24%. Most patients with episode of arrhythmia during the 
hospitalization had no previous history of cardiac arrhyth-
mia. In statistical analysis, episode of arrhythmia was as-
sociated with a significantly increased mortality rate. Of 
all patients with new-onset arrhythmia, 43% required me-
chanical ventilation, and only 51% survived until the hos-
pital discharge. The most commonly recorded type of ar-
rhythmia was atrial arrhythmia (81.8%), mainly atrial fibril-
lation and flutter. The incidence of ventricular arrhythmia 
was 21%, most commonly ventricular tachycardia (both 
sustained and non-sustained) and ventricular fibrillation 
[20]. In the study by Gopinathannair et al. [21] among hos-
pitalized COVID-19 patients, the incidence of atrial fibrilla-
tion was 21%, of atrial flutter 5.4%, and of atrial tachycar-
dia 5.7%. Ventricular arrhythmias were less common: the 
rates were 5.3% for monomorphic premature beats, 3.5% 
for polymorphic premature beats, 6.3% for non-sustained 
ventricular tachycardia, 3.8% for sustained monomorphic 
ventricular tachycardia, 3.5% for polymorphic ventricular 
tachycardia/torsade de pointes, and 4.8% for ventricular 
fibrillation [21].

Changes in ECG related  
to pulmonary embolism

Pulmonary embolism is a major complication of COVID-19, 
particularly in severely ill patients. Postulated mechanisms 
of an increased risk of venous thrombosis in COVID-19 
include an increased activity of angiotensin II and related 
clotting system and platelet activation, cytokine-mediated 
activation of the clotting cascade, and a potential effect 
of the viral infection itself leading to local inflammation 
and focal thrombosis. Regarding the ECG findings in the 
acute phase of the disease, sinus tachycardia and atrial 
fibrillation with rapid ventricular response, as well as the 
evidence of right ventricular overload have been commonly 
reported. Other reported findings include negative T waves 
in the anterior wall leads and RBBB.

Kho et al. [22] reported a series of 15 pulmonary em-
bolism cases in COVID-19 patients. Sinus tachycardia de-
veloped in 7 (47%) patients, and the evidence of right 
ventricular overload was present in 5 (33%) patients. The 
S1Q3T3 pattern on ECG was identified in only one patient 
[23, 24].



38

Folia Cardiologica 2022, vol. 17, no. 1

www.journals.viamedica.pl/folia_cardiologica

Summary

Electrocardiographic findings seen in COVID-19 patients 
may include P wave and atrioventricular conduction 
abnormalities, QRS complex alterations including their 
fragmentation, evidence of right ventricular overload, ST-T 
changes, and QTc interval prolongation (Table 1). The most 
common cardiac arrhythmias are supraventricular arrhyth-
mias, particularly atrial fibrillation. These results are consi-
stent with the authors’ own observations. In our material, 
atrial fibrillation/flutter was present in 26% of patients, 
atrioventricular block in 13% of patients, intraventricular 
conduction disturbances in 26% of patients, ST-T changes 
in 48% of patients, and QTc interval prolongation in 46% of 
patients. Of note, none of the above changes are specific 
for SARS-CoV-2 infection, and precise determination of 
their prognostic value would require more studies to be 
performed in adequately large patient samples.

Conflict of interest

The authors declare no conflict of interests.

Funding

None.

References
1.	 Medycyna Praktyczna [Internet]. Interna. Dodatkowe materiały. CO-

VID-19 (choroba spowodowana przez SARS-CoV-2). 07.04.2021. 
https://www.mp.pl/interna/chapter/B01.XI.C.18.1 (7.06.2021).

2.	 Long B, Brady WJ, Bridwell RE, et al. Electrocardiographic manife-
stations of COVID-19. Am J Emerg Med. 2021; 41: 96–103, doi: 
10.1016/j.ajem.2020.12.060, indexed in Pubmed: 33412365.

3.	 Madjid M, Safavi-Naeini P, Solomon SD, et al. Potential effects of 
coronaviruses on the cardiovascular system: a review. JAMA Cardiol. 
2020; 5(7): 831–840, doi: 10.1001/jamacardio.2020.1286, indexed 
in Pubmed: 32219363.

4.	 Yenerçağ M, Arslan U, Şeker OO, et al. Evaluation of P-wave disper-
sion in patients with newly diagnosed coronavirus disease 2019.  
J Cardiovasc Med (Hagerstown). 2021; 22(3): 197–203, doi: 
10.2459/JCM.0000000000001135, indexed in Pubmed: 33186236.

5.	 Amaratunga EA, Corwin DS, Moran L, et al. Bradycardia in patients 
with COVID-19: a calm before the storm? Cureus. 2020; 12(6): e8599, 
doi: 10.7759/cureus.8599, indexed in Pubmed: 32550090.

6.	 Babapoor-Farrokhran S, Batnyam U, Wiener PC, et al. Atrioventricular 
and sinus node dysfunction in stable COVID-19 patients. SN Compr 
Clin Med. 2020 [Epub ahead of print]: 1–4, doi: 10.1007/s42399-
020-00497-5, indexed in Pubmed: 32901230.

7.	 Bertini M, Ferrari R, Guardigli G, et al. Electrocardiographic features 
of 431 consecutive, critically ill COVID-19 patients: an insight into 
the mechanisms of cardiac involvement. Europace. 2020; 22(12): 
1848–1854, doi: 10.1093/europace/euaa258, indexed in Pubmed: 
32944767.

8.	 Abrams MP, Wan EY, Waase MP, et al. Clinical and cardiac charac-
teristics of COVID-19 mortalities in a diverse New York City Cohort.  
J Cardiovasc Electrophysiol. 2020; 31(12): 3086–3096, doi: 10.1111/ 
jce.14772, indexed in Pubmed: 33022765.

9.	 Yildirim A, Karaca IO, Yilmaz FK, et al. Fragmented QRS on surface 
electrocardiography as a predictor of cardiac mortality in patients 
with SARS-CoV-2 infection. J Electrocardiol. 2021; 66: 108–112, doi: 
10.1016/j.jelectrocard.2021.03.001, indexed in Pubmed: 33906057.

10.	 Li Y, Liu T, Tse G, et al. Electrocardiograhic characteristics in patients 
with coronavirus infection: a single-center observational study. Ann 
Noninvasive Electrocardiol. 2020; 25(6): e12805, doi: 10.1111/
anec.12805, indexed in Pubmed: 32951285.

11.	 Angeli F, Spanevello A, De Ponti R, et al. Electrocardiographic featu-
res of patients with COVID-19 pneumonia. Eur J Intern Med. 2020; 
78: 101–106, doi: 10.1016/j.ejim.2020.06.015, indexed in Pubmed: 
32586646.

12.	 Wang Y, Chen L, Wang J, et al. Electrocardiogram analysis of pa-
tients with different types of COVID-19. Ann Noninvasive Electrocar-
diol. 2020; 25(6): e12806, doi: 10.1111/anec.12806, indexed in 
Pubmed: 32951316.

13.	 World Health Organization. COVID-19 clinical management: living gu-
idance 25 January 2021.

14.	 Chen L, Feng Yi, Tang J, et al. Surface electrocardiographic characteri-
stics in coronavirus disease 2019: repolarization abnormalities asso-
ciated with cardiac involvement. ESC Heart Fail. 2020; 7(6): 4408– 
–4415, doi: 10.1002/ehf2.12991, indexed in Pubmed: 32898341.

15.	 Öztürk F, Karaduman M, Çoldur R, et al. Interpretation of arrhyth
mogenic effects of COVID-19 disease through ECG. Aging Male. 2020; 
23(5): 1362–1365, doi: 10.1080/13685538.2020.1769058, inde-
xed in Pubmed: 32449420.

16.	 van den Broek MPH, Möhlmann JE, Abeln BGS, et al. Chloroquine-
-induced QTc prolongation in COVID-19 patients. Neth Heart J. 2020; 
28(7-8): 406–409, doi: 10.1007/s12471-020-01429-7, indexed in 
Pubmed: 32350818.

Table 1. Most common electrocardiogram changes in patients with coronavirus disease 2019

P wave and AV conduction 
disturbances

QRS complexes Changes in the repolarization 
period

Cardiac arrhythmia

Increased P wave dispersion Evidence of RVPO ST-T changes Atrial fibrillation and flutter

Sinus bradycardia Intraventricular conduction 
disturbances

QTc interval prolongation Ventricular arrhythmia

AV block QRS complex fragmentation
AV — atrioventricular; RVPO — right ventricular pressure overload

https://www.mp.pl/interna/chapter/B01.XI.C.18.1
http://dx.doi.org/10.1016/j.ajem.2020.12.060
https://www.ncbi.nlm.nih.gov/pubmed/33412365
http://dx.doi.org/10.1001/jamacardio.2020.1286
https://www.ncbi.nlm.nih.gov/pubmed/32219363
http://dx.doi.org/10.2459/JCM.0000000000001135
https://www.ncbi.nlm.nih.gov/pubmed/33186236
http://dx.doi.org/10.7759/cureus.8599
https://www.ncbi.nlm.nih.gov/pubmed/32550090
http://dx.doi.org/10.1007/s42399-020-00497-5
http://dx.doi.org/10.1007/s42399-020-00497-5
https://www.ncbi.nlm.nih.gov/pubmed/32901230
http://dx.doi.org/10.1093/europace/euaa258
https://www.ncbi.nlm.nih.gov/pubmed/32944767
http://dx.doi.org/10.1111/jce.14772
http://dx.doi.org/10.1111/jce.14772
https://www.ncbi.nlm.nih.gov/pubmed/33022765
http://dx.doi.org/10.1016/j.jelectrocard.2021.03.001
https://www.ncbi.nlm.nih.gov/pubmed/33906057
http://dx.doi.org/10.1111/anec.12805
http://dx.doi.org/10.1111/anec.12805
https://www.ncbi.nlm.nih.gov/pubmed/32951285
http://dx.doi.org/10.1016/j.ejim.2020.06.015
https://www.ncbi.nlm.nih.gov/pubmed/32586646
http://dx.doi.org/10.1111/anec.12806
https://www.ncbi.nlm.nih.gov/pubmed/32951316
http://dx.doi.org/10.1002/ehf2.12991
https://www.ncbi.nlm.nih.gov/pubmed/32898341
http://dx.doi.org/10.1080/13685538.2020.1769058
https://www.ncbi.nlm.nih.gov/pubmed/32449420
http://dx.doi.org/10.1007/s12471-020-01429-7
https://www.ncbi.nlm.nih.gov/pubmed/32350818


39www.journals.viamedica.pl/folia_cardiologica

Patryk Siedlecki, Małgorzata Kurpesa, Electrocardiographic changes in patients with COVID-19

17.	 Carafoli E. Chloroquine and hydroxychloroquine in the prophylaxis 
and therapy of COVID-19 infection. Biochem Biophys Res Commun. 
2021; 538: 156–162, doi: 10.1016/j.bbrc.2020.09.128, indexed in 
Pubmed: 33028485.

18.	 Shah RR. Chloroquine and hydroxychloroquine for COVID-19: per-
spectives on their failure in repurposing. J Clin Pharm Ther. 2021; 
46(1): 17–27, doi: 10.1111/jcpt.13267, indexed in Pubmed: 
32981089.

19.	 Bhatla A, Mayer MM, Adusumalli S, et al. COVID-19 and cardiac 
arrhythmias. Heart Rhythm. 2020; 17(9): 1439–1444, doi: 10.1016/j.
hrthm.2020.06.016, indexed in Pubmed: 32585191.

20.	 Coromilas EJ, Kochav S, Goldenthal I, et al. Worldwide survey of 
COVID-19-associated arrhythmias. Circ Arrhythm Electrophysiol. 
2021; 14(3): e009458, doi: 10.1161/CIRCEP.120.009458, indexed 
in Pubmed: 33554620.

21.	 Gopinathannair R, Merchant FM, Lakkireddy DR, et al. COVID-19 
and cardiac arrhythmias: a global perspective on arrhythmia charac-
teristics and management strategies. J Interv Card Electrophysiol. 
2020; 59(2): 329–336, doi: 10.1007/s10840-020-00789-9, indexed 
in Pubmed: 32494896.

22.	 Kho J, Ioannou A, Van den Abbeele K, et al. Pulmonary embolism in CO-
VID-19: Clinical characteristics and cardiac implications. Am J Emerg 
Med. 2020; 38(10): 2142–2146, doi: 10.1016/j.ajem.2020.07.054, 
indexed in Pubmed: 33046316.

23.	 Middeldorp S, Coppens M, van Haaps TF, et al. Incidence of venous 
thromboembolism in hospitalized patients with COVID-19. J Thromb 
Haemost. 2020; 18(8): 1995–2002, doi: 10.1111/jth.14888, inde-
xed in Pubmed: 32369666.

24.	 Avila J, Long B, Holladay D, et al. Thrombotic complications of CO-
VID-19. Am J Emerg Med. 2021; 39: 213–218, doi: 10.1016/j.
ajem.2020.09.065, indexed in Pubmed: 33036855.

http://dx.doi.org/10.1016/j.bbrc.2020.09.128
https://www.ncbi.nlm.nih.gov/pubmed/33028485
http://dx.doi.org/10.1111/jcpt.13267
https://www.ncbi.nlm.nih.gov/pubmed/32981089
http://dx.doi.org/10.1016/j.hrthm.2020.06.016
http://dx.doi.org/10.1016/j.hrthm.2020.06.016
https://www.ncbi.nlm.nih.gov/pubmed/32585191
http://dx.doi.org/10.1161/CIRCEP.120.009458
https://www.ncbi.nlm.nih.gov/pubmed/33554620
http://dx.doi.org/10.1007/s10840-020-00789-9
https://www.ncbi.nlm.nih.gov/pubmed/32494896
http://dx.doi.org/10.1016/j.ajem.2020.07.054
https://www.ncbi.nlm.nih.gov/pubmed/33046316
http://dx.doi.org/10.1111/jth.14888
https://www.ncbi.nlm.nih.gov/pubmed/32369666
http://dx.doi.org/10.1016/j.ajem.2020.09.065
http://dx.doi.org/10.1016/j.ajem.2020.09.065
https://www.ncbi.nlm.nih.gov/pubmed/33036855



