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Introduction
The COVID-19 pandemic is ongoing, and increasing numbers 
of patients need ICU treatment for COVID-19. In the early 
phase, COVID-19 presents as a respiratory disease, but several 
lines of evidence suggest that COVID-19 is a systemic disease 
leading to deleterious outcomes, because it can induce multio-
rgan dysfunction and failure.1 An interim guideline by the 
World Health Organization (WHO) [https://www.who.int/
publications-detail/clinical-management-of-covid-19] grades 
COVID-19 by disease severity:

1. Mild disease
2. Moderate disease with pneumonia
3. Severe disease with severe pneumonia
4. Critical disease with acute respiratory distress syndrome 

(ARDS)
5. Critical disease with sepsis or septic shock

The overall case-fatality rate ranges from 1% to 4% in all 
patients,2 and up to 20% of COVID-19 patients admitted to a 

hospital present with a critical disease3 and require intensive 
care treatment. In this subset of patients, the ICU mortality of 
COVID-19 patients is up to 50%.4 This substantial mortality 
is not explained by pulmonary symptoms alone, but may be 
caused by other organ involvement especially the kidneys and 
heart.5 Early reports on COVID-19 have shown a high preva-
lence of chronic cardiovascular comorbidities and cardiovascu-
lar medication in patients with severe cases. There is ongoing 
research on whether these comorbidities lead to a higher sus-
ceptibility to suffer from a more severe form of COVID-19. 
Interestingly, cardiac enzyme levels are within the normal 
range early on in the course of disease, but the levels of tro-
ponin and other cardiac injury markers can increase at later 
stages.6,7

COVID-19 infection numbers follow an exponential 
increase. As a response to this global threat, substantial research 
efforts are aiming for a rapid knowledge gain regarding the 
pathophysiology and treatment of COVID-19. To obtain an 
overview of the number of COVID-19-related publications, 
we scanned PubMed for COVID-19-related publications 
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from January 17 to May 25, 2020. In this time period, 16,123 
COVID-19 references were found in PubMed, which accounts 
for 63.7% of the publications indexed in this database during 
this time span (Supplemental Figure 1). Logarithmic data of 
published literature and reported COVID-19 cases are linearly 
correlated with each other (r = 0.9939; P < .0001). This high-
lights the need for a systemic assessment of available evidence.

Given that COVID-19 is associated with increased mortal-
ity in patients with pre-existing cardiovascular comorbidities, 
we analyzed the available evidence for COVID-19-related car-
diovascular complications in critically ill adults.

Methods
Protocol and registration

This systematic review and meta-analysis was conducted 
according to the guidelines of the “Preferred Reporting Items 
for Systematic Reviews and Meta-Analysis” (PRISMA) state-
ment.8 The review protocol was registered in the International 
Prospective Register of Systematic Reviews (PROSPERO; 
CRD42020189270).

Eligibility criteria

Studies that met the following criteria were considered eligible 
for inclusion: (1) original articles, research letters and letters to 
the editor reporting on the prevalence of cardiovascular disease 
and complications; (2) studies of critically ill patients; (3) stud-
ies with adult patients (age ⩾18 years); (4) studies of patients 
admitted to intensive care units; and (5) written in English. 
Reviews, meta-analyses, case reports and duplicate publications 
were excluded. Published abstracts without retrievable full texts 
were excluded.

Information sources and search strategy

PubMed and Web of Science databases were searched for pub-
lications using the search terms “covid-19” or “SARS-CoV-2” 
and “characteristics”, “critical” and “care” or “intensive” and 
“care” (search date May 25, 2020). Peer Review of Electronic 
Search Strategies checklist was used to design the search strat-
egy.9 We used Endnote X9 (Clarivate Analytics, Inc.) to man-
age the retrieved publications. Duplicate publications were 
identified by automatic search and manually confirmed.

Study selection

We selected pertinent studies according to the PRISMA flow-
chart. After the removal of duplicate studies, 2 authors (HM 
and MK) independently evaluated the titles and abstracts for 
relevant studies. The included studies were further evaluated by 
full-text review based on the eligibility criteria. Disagreements 
for study selection were solved by discussions and the consen-
sus of 2 authors (HM and MK) and further discussions with 
the third author (PR).

Data extraction

All data were extracted by HM and verified by MK after-
wards. The following data were extracted into a standardized 
table: author, digital object identifier (DOI), the country and 
location of data origin, study period, total reported ICU/criti-
cally ill patients, age distribution, deceased patients, Sequential 
Organ Failure Assessment (SOFA) score, total patients with 
comorbidities (hypertension, cardiovascular disease, coronary 
heart disease, arrhythmia, and congestive heart failure), and 
total patients with cardiovascular complications (shock, the 
use of vasopressors, arrhythmia, cardiomyopathy, acute car-
diac injury diagnosed by biomarkers and cardiac arrest). All 
included studies were scored for their quality by the MetaXL 
Ver. 5.3 add-in for the Microsoft Excel quality indicators 
template as described.10 This quality indicator assessment 
included the following topics: the degree of the definition of 
the target population, the diagnostic criteria, the methods of 
case ascertainment, the administration of measurement pro-
tocol, the catchment area and the prevalence measure used. 
The results of quality scoring are provided in Supplemental 
Data.

Analyses of prevalence

We used the MetaXL Ver 5.3 add-in for Microsoft Excel 
(EpiGear international, Australia) to perform all meta-analy-
ses of prevalence.11 To obtain as comprehensive of an overview 
as possible, studies with small case numbers were also left in 
the analyses. Therefore, high heterogeneity was assumed, and 
random-effects meta-analyses (after DerSimonian and Laird) 
and quality-effects meta-analyses (after Doi and Thalib) that 
included quality scoring were used.10,12 Pooled prevalence is 
reported with the lower and upper 95% confidence intervals 
(CIs). Heterogeneity was assessed by calculating Cochran’s Q 
and Higgins’ I². We defined the grade of heterogeneity based 
on Higgins’ I² calculation as follows: no heterogeneity (I² = 0%), 
low heterogeneity (I² = 25%-49%), moderate heterogeneity 
(I² = 50%-74%) and severe heterogeneity (I² > 75%).13

All presented pooled prevalence values were calculated 
based on the random-effects model. As a second line of evi-
dence, we also calculated pooled prevalence values based on the 
quality-effects model; this did not result in significant differ-
ences. Pooled prevalence values based on the quality-effects 
model are reported in Supplemental Data.

Results
Study selection

We scanned PubMed and Web of Science to identify the rele-
vant publications. Then, we selected studies based on the rele-
vance in the title and abstracts according to the PRISMA flow 
chart (Figure 1). After the removal of publications not fulfilling 
the inclusion criteria, 29 studies published up to May 25, 2020 
were left for final inclusion in the meta-analysis.3,14-41
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Study description

After selecting the relevant studies (Table 1), we screened the 
study protocol and study type. We found 5 prospective cohort 
studies, 1 prospective cross-sectional study and 20 retrospective 
cohort studies relevant for the analysis. In 2 reports the study 
design remained unclear by the analysis of the full texts.30,31 
Thus, a total of 4381 patients could be included in the meta-
analysis. The number of patients in the individual studies var-
ied between 8 and 1591.24,27 One study did not specify patient 
disposition (regular floor or critical care unit) in the full text 
but reported on ventilated patients.23 Direct communication 
with the first author of this report revealed that all ventilated 
patients were treated in an ICU. Thus, this report was included 
in the analyses. Three other studies did not explicitly report on 
“ICU patients” but on critically ill patients. We assumed that 
the treatment of critically ill patients took place in an intensive 
care setting; therefore, we included these studies in the 
analyses.3,31,38

To gauge socioeconomic differences among the studies, we 
analyzed the geographic regions of the included studies 
(Supplemental Figure 2): Fifteen reports published from main-
land China (952 patients), 8 reports were from the United 
States of America (1675 patients), 4 reports were from Europe 
(Italy, Spain, and Denmark: 1728 patients) and 2 reports were 
from Asia outside of mainland China (Thailand and the 
Republic of South Korea: 26 patients).

Study quality and publication bias

Next, we scored each study based on 6 quality indicators. In 4 
studies it was not possible to determine definitively how the 
diagnosis of COVID-19 was made.18,29,30,37 Detailed results of 
the quality scoring are given in Supplemental Data. The cor-
responding funnel plots for cardiovascular comorbidities and 
complications revealed an asymmetric distribution of the stud-
ies. This suggests a publication bias of the included studies 
(Supplemental Data).

Baseline patient parameters

We analyzed the baseline parameters of the patients included 
in the different studies. The median age of the patients was 
between 49 (41-63) years and 73 (48-91) years.26,37 The authors 
of 6 studies reported the SOFA score as a measurement of dis-
ease severity. The median SOFA score ranged from 3 
(2-7 points) to 11 (8-13 points).19,20 Twenty-one studies 
reported overall mortality, which ranged from 0% to 70.6% (20, 
30, 40). The studies used different end-points for assessment, 
such as ICU mortality, in-hospital mortality, 15-day mortality, 
and 28-day mortality.14-17,19-21,23-30,32,34-37,39

Prevalence of cardiovascular comorbidities in 
critically ill patients

Several retrospective analyses reported that patients with severe 
COVID-19 have a pre-existing cardiovascular comorbidity. 
Thus, in the first analysis, we determined the prevalence of car-
diovascular comorbidities in the ICU patient population 
(Figure 2). After screening the available information in the 
included studies, we focused on the following: arterial hyper-
tension, cardiovascular diseases (not further specified), coro-
nary artery disease, pre-existing arrhythmias (e.g., arterial 
fibrillation) and congestive heart failure.

Arterial hypertension was reported in 22 stud-
ies,3,15,17-21,23-33,35,37,39,41 with a prevalence from 15% to 69%.3,26 
Using Higgins’ I² test, we found severe heterogeneity among 
the studies (I² 94.8%; P < .005). The random-effects meta-
analysis resulted in a pooled prevalence of 50% (95% CI 41%-
58%). Sixteen studies listed cardiovascular disease as a 
comorbidity without further specification of the different enti-
ties,3,15,18-20,24-27,29,32-34,37-39 and the prevalence ranged from 0% 
to 77%.3,25,27,38 Again, Higgins’ I² test resulted in severe hetero-
geneity (I² 98.9%; P < .005), with a pooled prevalence of 21% 
(95% CI 7%-38%) in the random-effects meta-analysis model. 
Similarly, coronary heart disease had a pooled prevalence of 
19% (95% CI 11%-29%) in 5 studies,3,21,23,35,41 ranging from 
10% to 31%.21,41 The I² test revealed severe heterogeneity 
among the different studies (I² 87.9%; P < .005).

Congestive heart failure was present in a total of 429 patie
nts14,15,21,28,35 upon admittance to the ICU, which resulted in a 
pooled prevalence of 5% (95% CI 0%-15%) in the random-
effects meta-analysis model.14,15 However, as with all other 

Figure 1. Flow-chart of study selection. Flow-chart in accordance with 

the guidelines of the “Preferred Reporting Items for Systematic Reviews 

and Meta-Analysis” (PRISMA) statement.
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Figure 2. (Continued)
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comorbidities, severe heterogeneity was found among the stud-
ies (I² 86.9%; P < .005). In a total of 30 patients in 2 reports, 
chronic arrhythmia was present in the admitted patients with a 
prevalence of 11% and 14%, respectively,21,31 but the number of 
patients was too small for a meta-analysis.

Prevalence of cardiovascular complications and 
therapy during ICU therapy

Several studies have indicated that COVID-19 might lead to 
an increase in cardiovascular complications. We analyzed the 
prevalence of shock, new-onset arrhythmia, cardiomyopathy, 
cardiac injury, or cardiac arrest in critically ill COVID-19 
patients. Figure 3 presents the results of the meta-analysis.

Using the random-effects model, shock occurred in  
39% (95% CI 20%-59%) of 751 analyzed patients in 6  
publications.22,25,26,32,33,35 The prevalence ranged from 16% to  
71%.22,35 Higgins’ I² test resulted in severe heterogeneity  
(Figure 3). Vasopressors were required in 74% (95% CI 58%-
88%) of 625 patients in 8 reports (ranging from 35% to 94%15,34) 
to maintain the mean arterial pressure target.14-16,19,21,23,34,36 One 
study reported only a subset of patients (36). Again, there was 
severe heterogeneity among the studies.

New arrhythmias in the ICU occurred in 24% (95% CI 14%-
36%) of 504 patients from 6 studies.17,21,23,32,35,36 The reported 
prevalence ranged from 9% to 44%.36 Higgins’ I² test resulted in 
severe heterogeneity. We also screened for new-onset cardiomyo-
pathy in the ICU. Three reports including 66 patients reported 
newly detected cardiomyopathies during ICU therapy.14,16,21 One 
study reported on only a subset of 9 patients screened for cardio-
myopathy.16 The prevalence ranged from 0% to 3%.14,16 Due to 
the small case numbers, a meta-analysis was not performed.

Acute cardiac injury developed in 30% (95% CI 19%-42%) 
of 927 patients in fourteen publications,14-18,20,21,25,26,32,35,39 
with 1 study reporting on only a subset of patients.21 Higgins’ 
I² test revealed severe heterogeneity among the studies. One 
study reported a prevalence of cardiac arrest of 8%.36

Subgroup analyses of cardiovascular injury by country

We performed an additional subgroup analysis for the prevalence 
of acute cardiac injury during ICU therapy in the data from 

mainland China or the USA and Western Europe (Figure 4). 
The pooled prevalence of acute cardiac injury in the random 
effects model was 6% (95% CI 0%-17%) in patients in the USA 
and Western Europe (4 studies, 107 patients) with a moderate 
heterogeneity.14,16,21 In patients from mainland China, the pooled 
prevalence was 39% (95% CI 27%-50%) (9 studies, 807 patients) 
with severe heterogeneity.17,18,20,26,32-35,39

Discussion
Approximately 10% of COVID-19 patients require intensive 
care treatment and early on in this pandemic several studies 
reported that COVID-19 might lead to cardiovascular compli-
cations during ICU treatments.42 However, the prevalence of 
cardiovascular complications remains unclear in critically ill 
patients. We performed a systematic-review and meta-analysis 
on the prevalence of cardiovascular comorbidities and compli-
cations in patients with critical COVID-19 treated in the ICU.

Our major findings were that half of ICU patients (50%) 
with COVID-19 had arterial hypertension as a pre-existing 
comorbidity; shock of any cause was the most common cardio-
vascular complication in the ICU (39%), and 74% of COVID-
19 patients required vasopressors during the course of ICU 
stay. Despite exponential growth in the number of publications 
over the last few months, studies on the ICU population are 
very heterogeneous in design, patient population and outcome 
parameters.

Patients with COVID-19 present primarily with respira-
tory symptoms, such as dyspnea, cough and fever. Approximately 
20% of COVID-19 patients develop severe disease,6 some so 
severe that VV-ECMO is used as a rescue therapy.43,44 We 
found that almost 40% of patients developed shock during 
their ICU stay. We found that the main cardiovascular compli-
cation in COVID-19 patients in the ICU was shock of any 
cause, corresponding to vasopressor use in 74% of the patients 
admitted to the ICU. Recent studies showed that COVID-19 
leads to multiorgan failure,45 including kidney failure, liver fail-
ure and encephalopathy16,46 alongside a dysregulated immune 
response.47-50 Thus, some authors classify COVID-19-induced 
shock as septic shock.51,52

In fact, COVID-19 leads to an increase in cytokines in the 
systemic circulation, sparking a dramatic response of the innate 

Figure 2. Forrest plots of pooled prevalence values for cardiovascular comorbidities in critically ill patients.
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and adaptive immune systems,53 which in turn decreases vascu-
lar resistance, requiring vasopressors and leading to hemody-
namic instability. However, we miss prospective studies using 
extended hemodynamic monitoring to proof that the loss of 
arterial vascular tone or other reasons lead to COVID-19-
induced shock. Another explanation is that COVID-19 can be 

accompanied by bacterial superinfection with septic shock. 
However, no bacterial pathogen grew in blood cultures and 
sputum samples in a small observational study in critically ill 
individuals, which does not support septic shock as a cause.16

Cardiac injury was more prevalent in China than in the 
USA/Europe; the pooled prevalence of cardiac injury was 

Figure 3. Forrest plots of pooled prevalence values for cardiovascular complications and therapy during ICU therapy.
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Figure 4. Forrest plots of pooled prevalence values for subgroup analyses of cardiovascular injury by country.

30%, most often determined by an increase in cardiac injury 
markers, such as an increase in troponin or creatine kinase.54 
Decreased cardiac function could also contribute to the devel-
opment of vasopressor need and shock. However, a recent 
study on echocardiographic changes during COVID-19 
found mainly changes in the RV systolic function with right 
ventricular dilatation.55,56 Other reports found only a moder-
ate increase in these markers.57 Since the SARS-CoV-2 
receptor ACE-2 is expressed in the heart, infection could lead 
to viral myocarditis, which could explain cardiac injury. 
However, in a case report using cardiac biopsies the authors 
found only low-grade myocardial inflammation and an 
absence of myocyte necrosis,58 a phenomenon often present 
in severe systemic inflammation. Myocardial ischemia could 
also contribute to cardiac injury in these patients based on 
coronary artery disease (CAD). Nineteen percent of patients 
admitted to the ICU had pre-existing CAD, which, in part, 
explains the increase in cardiac injury, since the loss of periph-
eral vascular resistance during shock could lead to a supply-
and-demand myocardial ischemia.

We found that the pooled prevalence of arrhythmias during 
ICU therapy was 24%, which is higher than that found in early, 
single-center reports on COVID-19. Here, the authors 
described arrhythmias in 16,7% of hospitalized patients.32 In 1 
report, the authors specified arrhythmias as “malignant” in 
5.9% of patients.7 Given the potential life-threatening nature 
of arrhythmias, this could contribute to ICU mortality when 

ICU staff are functioning in emergency mode during peak 
times of the epidemic because treatment might be delayed.

Fifty percent of patients admitted to the ICU suffered from 
arterial hypertension, whereas this value was only 15% for gen-
eral hospitalized COVID-19 patients.26 The reason why arte-
rial hypertension increases the likelihood of detrimental 
outcomes in COVID-19 remains unclear. Thus, studies are 
required to determine whether arterial hypertension or the 
medication used for its treatment affects the clinical course of 
COVID-19.

Recent pathological investigations on the major pathophys-
iological changes induced by COVID-19 in adults found 
strong inflammation of the endothelium.59 Clinically, this can 
lead to a Kawasaki-like disease, which is more pronounced in 
children with COVID-19.60

Our meta-analysis has several limitations. First, the results 
of the meta-analyses are limited by the quality of the included 
studies. Severe heterogeneity was present in all analyses, 
therefore, the results need to be compared and interpreted 
carefully. This also underlines the need for stringently 
designed studies. Currently, there is exponential growth in the 
number of publications on COVID-19 in the different data-
bases (Supplemental Figure 1), yet the heterogenic nature of 
these studies limits the generalizability of the findings of the 
different reports. The search strings “covid-19” and “SARS-
CoV-2” used in this meta-analysis might have missed very 
early studies on this disease that used namings like 
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“2019nCoV” or “novel corona.” Another weak point in our 
analysis is that the included publications were not designed to 
study disease prevalence in different patient collectives. Data 
were extracted from the results of observational studies of 
patients admitted for COVID-19 treatment. Thus, a selec-
tion bias could be present, and the readers need to keep this 
in mind. Another factor is, that the different studies report 
results from all over the world. This inherently increases het-
erogeneity because there are differences in ICU infrastructure 
and staffing as well as differences in the reporting of the dif-
ferent comorbidities and complications. Furthermore, studies 
indicate that genetic factors might contribute to the severity 
of COVID-19.61 In addition, most patient collectives were of 
retrospective nature. For this reason, we reported prevalence 
alone in this meta-analysis rather than investigating out-
comes (such ICU mortality related to the different complica-
tions). All these limitations strongly underline that we need 
well-designed prospective observational trials to obtain a 
concise overview of cardiovascular comorbidities and compli-
cations in ICU patients to reduce the unacceptably high ICU 
mortality of COVID-19.

Despite these limitations, this systematic review and meta-
analysis provides a comprehensive overview of cardiovascular 
diseases and complications in critically ill COVID-19 patients. 
These results help researchers and clinicians to better under-
stand observations at the bedside and, at the same time, call for 
a careful comparison of different studies.

In conclusion, cardiovascular comorbidities and complica-
tions are common in critically ill COVID-19 patients. Thus, 
the ICU care team needs to prepare for hemodynamically 
unstable COVID-19 patients.

Take-Home Message
Fifty percent of ICU-treated COVID-19 patients have arterial 
hypertension as a pre-existing cardiovascular disease, and 
almost 40% of patients develop shock of different etiologies in 
response to COVID-19.

A 140-Character Tweet
COVID-19 leads to vasopressor demand in 74% and subse-
quent shock in almost 40% of patients in the ICU.

Acknowledgements
The authors thank all employees of the intensive care unit at 
the University Hospital Tübingen for their efforts in the daily 
care of COVID-19 patients.

Author Contributions
MK and HM developed the concept of the meta-analysis and 
performed the literature search, study screening, data extrac-
tion, data analysis, and data interpretation. MK and HM 
drafted the manuscript. PR performed data interpretation and 
critical revision of the manuscript. All authors approved the 
final manuscript.

Availability of Data and Material
All data can be shared by the authors upon a reasonable 
request.

ORCID iD
Harry Magunia  https://orcid.org/0000-0001-9576-6399

Supplemental Material
Supplemental material for this article is available online. 

RefeRenCeS
 1. Li H, Liu L, Zhang D, et al. SARS-CoV-2 and viral sepsis: observations and 

hypotheses. Lancet. 2020;395:1517-1520.
 2. Lipsitch M, Swerdlow DL, Finelli L. Defining the epidemiology of covid-19 – 

studies needed. N Engl J Med. 2020;382:1194-1196.
 3. Petrilli CM, Jones SA, Yang J, et al. Factors associated with hospital admission 

and critical illness among 5279 people with coronavirus disease 2019 in New 
York City: prospective cohort study. BMJ. 2020;369:m1966.

 4. ICNARC Report on COVID-19 in Critical Care. 2020.
 5. Puelles VG, Lutgehetmann M, Lindenmeyer MT, et al. Multiorgan and renal 

tropism of SARS-CoV-2. N Engl J Med. 2020;383:590-592.
 6. Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality of adult 

inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lan-
cet. 2020;395:1054-1062.

 7. Guo T, Fan Y, Chen M, et al. Cardiovascular implications of fatal outcomes of 
patients with coronavirus disease 2019 (COVID-19). JAMA Cardiol. 2020;5: 
811-818.

 8. Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for systematic 
reviews and meta-analyses: the PRISMA statement. J Clin Epidemiol. 2009;62: 
1006-1012.

 9. McGowan J, Sampson M, Salzwedel DM, et al. PRESS peer review of elec-
tronic search strategies: 2015 guideline statement. J Clin Epidemiol. 
2016;75:40-46.

 10. Doi SA, Barendregt JJ, Khan S, Thalib L, Williams GM. Advances in the meta-
analysis of heterogeneous clinical trials II: the quality effects model. Contemp 
Clin Trials. 2015;45:123-129.

 11. Barendregt JJ, Doi SA, Lee YY, Norman RE, Vos T. Meta-analysis of preva-
lence. J Epidem Commun Health. 2013;67:974-978.

 12. Doi SA, Thalib L. A quality-effects model for meta-analysis. Epidemiology. 
2008;19:94-100.

 13. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in 
meta-analyses. BMJ. 2003;327:557-560.

 14. Arentz M, Yim E, Klaff L, et al. Characteristics and outcomes of 21 critically ill 
patients with COVID-19 in Washington State. JAMA: J Am Med Assoc. 
2020;323:1612-1614.

 15. Barrasa H, Rello J, Tejada S, et al. SARS-CoV-2 in Spanish Intensive Care 
Units: early experience with 15-day survival in Vitoria. Anaesth Crit Care Pain 
Med. 2020;39:553-561.

 16. Bhatraju PK, Ghassemieh BJ, Nichols M, et al. Covid-19 in critically ill patients 
in the Seattle region – case series. New Engl J Med. 2020;382:2012-2022.

 17. Cao J, Hu X, Cheng W, Yu L, Tu W-J, Liu Q. Clinical features and short-term 
outcomes of 18 patients with corona virus disease 2019 in intensive care unit. 
Intensive Care Med. 2020;46:851-853.

 18. Chu Y, Li T, Fang Q , et al. Clinical features of critically ill patients with con-
firmed COVID-19. J Infect. 2020;81:147-178.

 19. Cummings MJ, Baldwin MR, Abrams D, et al. Epidemiology, clinical course, 
and outcomes of critically ill adults with COVID-19 in New York City: a pro-
spective cohort study. Lancet. 2020;395:1763-1770.

 20. Du RH, Liu LM, Yin W, et al. Hospitalization and critical care of 109 decedents 
with COVID-19 pneumonia in Wuhan, China. Ann Am Thorac Soc. 2020;17: 
839-846.

 21. Ferguson J, Rosser JI, Quintero O, et al. Characteristics and outcomes of corona-
virus disease patients under nonsurge conditions, Northern California, USA, 
March–April 2020. Emerg Infect Dis. 2020;26:1679-1685.

 22. Gold JAW, Wong KK, Szablewski CM, et al. Characteristics and clinical out-
comes of adult patients hospitalized with COVID-19 – Georgia, March 2020. 
MMWR Morb Mortal Wkly Rep. 2020;69:545-550.

 23. Goyal P, Choi JJ, Pinheiro LC, et al. Clinical characteristics of covid-19 in New 
York City. N Engl J Med. 2020;382:2372-2374.

 24. Grasselli G, Zangrillo A, Zanella A, et al. Baseline characteristics and outcomes 
of 1591 patients infected with SARS-CoV-2 admitted to ICUs of the Lombardy 
Region, Italy. JAMA: J Am Med Assoc. 2020;323:1574-1581.

https://orcid.org/0000-0001-9576-6399


Koeppen et al 11

 25. Hong KS, Lee KH, Chung JH, et al. Clinical features and outcomes of 98 
patients hospitalized with SARS-CoV-2 infection in Daegu, South Korea: a 
brief descriptive study. Yonsei Med J. 2020;61:431-437.

 26. Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 
novel coronavirus in Wuhan, China. Lancet. 2020;395:497-506.

 27. Ling L, So C, Shum HP, et al. Critically ill patients with COVID-19 in Hong 
Kong: a multicentre retrospective observational cohort study. Crit Care Resusc: J 
Australasian Acad Crit Care Med. 2020;22:119-125.

 28. Myers LC, Parodi SM, Escobar GJ, Liu VX. Characteristics of hospitalized 
adults with COVID-19 in an integrated health care system in California. JAMA: 
J Am Med Assoc. 2020;323:2195-2198.

 29. Pedersen HP, Hildebrandt T, Poulsen A, et al. Initial experiences from patients 
with COVID-19 on ventilatory support in Denmark. Dan Med J. 
2020;67:A04200232. 

 30. Ratanarat R, Sivakorn C, Viarasilpa T, Schultz MJ. Critical care management of 
patients with COVID-19: early experience in Thailand. Am J Trop Med Hyg. 
2020;103:48-54.

 31. Sun Y, Dong Y, Wang L, et al. Characteristics and prognostic factors of disease 
severity in patients with COVID-19: the Beijing experience. J Autoimmun. 
2020;112:102473.

 32. Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospitalized patients 
with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA. 
2020;323:1061-1069.

 33. Wang Y, Lu X, Chen H, et al. Clinical course and outcomes of 344 intensive care 
patients with COVID-19. Am J Respir Crit Care Med. 2020;201:1430-1434.

 34. Yang X, Yu Y, Xu J, et al. Clinical course and outcomes of critically ill patients 
with SARS-CoV-2 pneumonia in Wuhan, China: a single-centered, retrospec-
tive, observational study. Lancet Respir Med. 2020;8:475-481.

 35. Yu Y, Xu D, Fu S, et al. Patients with COVID-19 in 19 ICUs in Wuhan, China: 
a cross-sectional study. Crit Care. 2020;24:219.

 36. Zangrillo A, Beretta L, Scandroglio AM, et al. Characteristics, treatment, 
outcomes and cause of death of invasively ventilated patients with COVID-19 
ARDS in Milan, Italy. Crit Care Resusc: J Australasian Acad Crit Care Med. 
2020. 

 37. Zhang J, Liu P, Wang M, et al. The clinical data from 19 critically ill patients 
with coronavirus disease 2019: a single-centered, retrospective, observational 
study. Z Gesundh Wiss. 2020:1-4. 

 38. Zhang J, Wang X, Jia X, et al. Risk factors for disease severity, unimprovement, 
and mortality in COVID-19 patients in Wuhan, China. Clin Microbiol Infect. 
2020;26:767-772.

 39. Zheng Y, Sun LJ, Xu M, et al. Clinical characteristics of 34 COVID-19 patients 
admitted to intensive care unit in Hangzhou, China. J Zhejiang Univ Sci B. 
2020;21:378-387.

 40. Zheng Y, Xu H, Yang M, et al. Epidemiological characteristics and clinical fea-
tures of 32 critical and 67 noncritical cases of COVID-19 in Chengdu. J Clin 
Virol. 2020;127:104366.

 41. Zhou Y, Han T, Chen J, et al. Clinical and autoimmune characteristics of severe 
and critical cases of COVID-19. Clin Transl Sci. 2020;13:1077-1086.

 42. Khan IH, Zahra SA, Zaim S, Harky A. At the heart of COVID-19. J Card Surg. 
2020;35:1287-1294.

 43. Haiduc AA, Alom S, Melamed N, et al. Role of extracorporeal membrane oxy-
genation in COVID-19: A systematic review. J Card Surg. 2020;35:2679-2687.

 44. Schmidt M, Hajage D, Lebreton G, et al. Extracorporeal membrane oxygen-
ation for severe acute respiratory distress syndrome associated with COVID-19: 
a retrospective cohort study. Lancet Respir Med. 2020;8:1121-1131.

 45. Zaim S, Chong JH, Sankaranarayanan V, Harky A. COVID-19 and multiorgan 
esponse. Curr Probl Cardiol. 2020;45:100618.

 46. Helms J, Kremer S, Merdji H, et al. Neurologic features in severe SARS-CoV-2 
infection. N Engl J Med. 2020;382:2268-2270.

 47. Giamarellos-Bourboulis EJ, Netea MG, Rovina N, et al. Complex immune dys-
regulation in COVID-19 patients with severe respiratory failure. Cell Host & 
Microbe. 2020;27:992-1000.

 48. O’Driscoll M, Dos Santos GR, Wang L, et al. Age-specific mortality and 
immunity patterns of SARS-CoV-2. Nature. 2020. 

 49. Laing AG, Lorenc A, del Molino del Barrio I, et al. A dynamic COVID-19 
immune signature includes associations with poor prognosis. Nat Med. 2020;26: 
1623-1635.

 50. Kuri-Cervantes L, Pampena MB, Meng W, et al. Comprehensive mapping of 
immune perturbations associated with severe COVID-19. Sci Immunol. 2020;5 
(49). 

 51. Tong A, Elliott JH, Azevedo LC, et al. Core outcomes set for trials in people 
with coronavirus disease 2019. Crit Care Med. 2020;48:1622-1635.

 52. Shappell CN, Klompas M, Rhee C. Does severe acute respiratory syndrome 
coronavirus 2 cause sepsis? Crit Care Med. 2020;48:1707-1709.

 53. Chen G, Wu D, Guo W, et al. Clinical and immunological features of severe and 
moderate coronavirus disease 2019. J Clin Invest. 2020;130:2620-2629.

 54. Shafi AMA, Shaikh SA, Shirke MM, Iddawela S, Harky A. Cardiac manifesta-
tions in COVID-19 patients-a systematic review. J Card Surg. 2020;35: 
1988-2008.

 55. Mahmoud-Elsayed HM, Moody WE, Bradlow WM, et al. Echocardiographic 
findings in covid-19 pneumonia. Can J Cardiol. 2020;36:1203-1207.

 56. Li Y, Li H, Zhu S, et al. Prognostic value of right ventricular longitudinal 
strain in patients with COVID-19. JACC: Cardiovasc Imag. 2020;13: 
2287-2299.

 57. Inciardi RM, Lupi L, Zaccone G, et al. Cardiac involvement in a patient with 
coronavirus disease 2019 (COVID-19). JAMA Cardiol. 2020;5:819-824.

 58. Tavazzi G, Pellegrini C, Maurelli M, et al. Myocardial localization of coronavi-
rus in COVID-19 cardiogenic shock. Eur J Heart Fail. 2020;22:911-915.

 59. Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary vascular endotheliali-
tis, thrombosis, and angiogenesis in covid-19. N Engl J Med. 2020;383:120-128.

 60. Verdoni L, Mazza A, Gervasoni A, et al. An outbreak of severe Kawasaki-like 
disease at the Italian epicentre of the SARS-CoV-2 epidemic: an observational 
cohort study. Lancet. 2020;395:1771-1778.

 61. Spinetti T, Hirzel C, Fux M, et al. Reduced monocytic HLA-DR expression 
indicates immunosuppression in critically ill COVID-19 patients. Anesth Analg. 
2020;131:993-999.




