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Abstract 

Background:  Veno-venous (VV) extracorporeal membrane oxygenation (ECMO) is an effective, but highly resource 
intensive salvage treatment option in COVID patients with acute respiratory distress syndrome (ARDS). Right ventricu-
lar (RV) dysfunction is a known sequelae of COVID-19 induced ARDS, yet there is a paucity of data on the incidence 
and determinants of RV dysfunction on VV ECMO. We retrospectively examined the determining factors leading to RV 
failure and means of early identification of this phenomenon in patients on VV ECMO.

Methods:  The data was extracted from March 2020 to March 2021 from the regional University of Washington Extra-
corporeal Life Support database. The inclusion criteria included patients > 18 years of age with diagnosis of COVID-19. 
All had already been intubated and mechanically ventilated prior to VV ECMO deployment. Univariate analysis was 
performed to identify risk factors and surrogate markers for RV dysfunction. In addition, we compared outcomes 
between those with and without RV dysfunction.

Results:  Of the 33 patients that met inclusion criteria, 14 (42%) had echocardiographic evidence of RV dysfunction, 3 
of whom were placed on right ventricular assist device support. Chronic lung disease was an independent risk factor 
for RV dysfunction (p = 0.0002). RV dysfunction was associated with a six-fold increase in troponin I (0.07 ng/ml vs. 
0.44 ng/ml, p = 0.039) and four-fold increase in brain natriuretic peptide (BNP) (158 pg/ml vs. 662 pg/ml, p = 0.037). 
Deep vein thrombosis (DVT, 21% vs. 43%, p = 0.005) and pulmonary embolism (PE, 11% vs. 21%, p = 0.045) were 
found to be nearly twice as common in the RV dysfunction group. Total survival rate to hospital discharge was 39%. 
Data trended towards shorter duration of hospital stay (47 vs. 65.6 days, p = 0.15), shorter duration of ECMO support 
(21 days vs. 36 days, p = 0.06) and improved survival rate to hospital discharge (42.1% vs. 35.7%, p = 0.47) for those 
with intact RV function compared to the RV dysfunction group.

Conclusions:  RV dysfunction in critically ill patients with COVID-19 pneumonia in common. Trends of troponin I and 
BNP may be important surrogates for monitoring RV function in patients on VV ECMO. We recommend echocardio-
graphic assessment of the RV on such patients.
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Background
The outbreak of COVID-19 shocked many health care 
systems across the world, taking millions of lives [1–5]. 
During H1N1 and MERS-CoV outbreaks, Mechanical cir-
culatory support (MCS) had been utilized in severe cases 
refractory to optimal ventilator therapy and prone posi-
tioning with some success [6]. Although MCS has proved 
to be an effective salvage strategy in the immediate term in 
severe COVID-19 induced ARDS, the mortality rate has 
remained very high [6]. COVID-19 proved to have caused 
not only ARDS and respiratory failure but also right ven-
tricular dilatation and dysfunction [7]. Right ventricular 
(RV) dilatation has been associated with significantly worse 
outcome in COVID-19 patients [7]. This phenomenon, 
likely reflects the increased afterload on the RV from sec-
ondary pulmonary hypertension as well as primary cardio-
myopathic insult from the viral infection, often rendering 
VV ECMO strategy per se ineffective due to the resultant 
low cardiac output and end organ dysfunction. Utilization 
of right ventricular assist devices (RVAD) with oxygenators 
can mitigate both respiratory and right heart failure with 
some reported success [8]. Earlier case series have reported 
RV dilation to be present in as much as 41% of patients 
with COVID-19 induced ARDS and 27% of patients had 
impaired RV function [9] and identified C-reactive protein 
(CRP) and D-dimer as associated biomarkers of RV dys-
function [9–11].

In this retrospective study we assessed our outcomes of 
MCS for COVID-19 patients in a regional high-volume 
center with a large geographic catchment area encompass-
ing the pacific northwest of the United States. The aim of 
this study is to assess the effectiveness of VV ECMO in 
supporting patients with severe ARDS associated with 
COVID-19 as well as incidence of RV failure. We paid par-
ticular attention to the trends of the surrogate laboratory 
markers predicting RV dysfunction requiring inotropic and 
RVAD support. We trended end organ dysfunction, ICU 
length of stay, duration of mechanical circulatory support 
(if applicable), any complications related to right heart fail-
ure, and survival rate to hospital discharge. We also devel-
oped an algorithm (Fig. 1) to simplify early diagnosis of RV 
dysfunction and the need escalation of support (including 
placement of RVAD) before end organ dysfunction sets in.

Materials and methods
The data was extracted from March 2020 to March 2021 
from the regional University of Washington Extracor-
poreal Life Support database. All subjects were adults, 
18  years or older, with COVID-19 infection, confirmed 

via reverse transcriptase-polymerase chain reaction (RT-
PCR) for SARS-CoV-2 virus (i.e. COVID-19) with acute 
respiratory distress syndrome (ARDS). They all had 
refractory hypoxemia, requiring Veno-venous Extracor-
poreal Membrane Oxygenation (VV ECMO) hospital-
ized at the University of Washington Medical Center or 
Harborview Medical center in Seattle, Washington were 
included in this study. ARDS was diagnosed using the 
Berlin criteria [12] as follows: 1. Presence of acute hypox-
emic respiratory failure, 2. Worsening respiratory symp-
toms within 7 days, 3. Cardiac failure not the etiology for 
respiratory failure and 4. Presence of bilateral opacities. 
The observation of bilateral pulmonary infiltrates in this 
study were done on computed tomography (CT) scan in 
keeping with the Berlin criteria for ARDS. Our patient 
cohort included patients across the WWAMIO region 
(Washington, Wyoming, Alaska, Montana, Idaho, and 
Oregon), covering a population of approximately 11.8 
million people according to the U.S Census Bureau and 
approximately 1/5th of the USA landmass.

Institution Review Board (IRB) was obtained from 
the University of Washington research review board. 
Patients’ charts were accessed and reviewed. Informa-
tion regarding basic demographic background (age, race, 
gender) as well as body mass index (BMI), comorbidi-
ties, and smoking history were gathered. The serial pre-
VV ECMO cannulation arterial blood gases (ABG) and 
ventilator settings were obtained to assess whether the 
severity of ARDS and higher ventilator settings were 
correlated with RV dysfunction. Key organ functions 
were evaluated using surrogate peak biomarkers values 
for creatinine, aspartate aminotransferase (AST), tro-
ponin I, and brain natriuretic peptide (BNP). Transtho-
racic echocardiography (TTE) data for all patients that 
had a TTE performed during their hospital course were 
reviewed. RV dysfunction was defined as tricuspid annu-
lar plane systolic excursion (TAPSE) of < 17 mm or right 
ventricular fractional area change (RV FAC) of < 35% in 
accordance with the criteria developed by the American 
Society of Echocardiography [13]. Accordingly, patients 
were categorized into two groups: no RV dysfunction and 
RV dysfunction. The patients with no TTE studies were 
presumed to have no RV dysfunction and were placed 
in the no RV dysfunction group accordingly. The criteria 
for percutaneous right ventricular assist device (RVAD) 
support were RV dysfunction leading to hemodynamic 
instability and/or progressive end organ (liver and renal) 
dysfunction, and available ECMO capacity in the univer-
sity hospital capable of managing patients with MCS. All 
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Fig. 1  Flow chart for early diagnosis and management of right ventricular dysfunction in COVID-19 patients who require VV ECMO
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RVADs were placed percutaneously in the hybrid suite 
and using the right internal jugular vein or left subclavian 
vein approach (Tandem Heart Protek Duo, dual lumen 
cannula). Additionally, the severity of lung injury was 
assessed using pre-VV ECMO ventilation settings, PaO2/
FiO2 ratio, and ABGs.  Hospital course and outcomes 
were evaluated by comparing rates of complications, sur-
vival to discharge, and duration of mechanical and circu-
latory support.

Statistical analysis
Univariate analysis was performed to identify the prog-
nostic indicators. All data were compared across the two 
groups by calculating statistical p-values using the chi-
squared test for qualitative parameters and the t-test for 
the quantitative measure. The value of 0.05 or less was 
deemed statistically significant.

Results
We identified 33 patients that met the aforementioned 
inclusion criteria, Baseline demographic characteristics, 
as well as risk factors and comorbidities, are summarized 
in Table 1. The mean age was 49 ± 9 years. 73% (n = 24) 
of patients were male. The majority of our patients were 
non-Caucasian (79%, n = 26). This was a significant find-
ing as the WWAMIO region is overwhelmingly popu-
lated by white Caucasians, indicating ethnic minorities 
are more severely affected by COVID-19.

Risk factors for right ventricular dysfunction
RV dysfunction was identified in 42% (n = 14). 24% 
(n = 8) never had echocardiographic studies. History of 
lung disease including obstructive sleep apnea, asthma, 
and COPD were 2.7 times more prevalent in the RV 
dysfunction group than the no RV dysfunction group 
(p = 0.00021). Amongst the RV dysfunction cohort, 3 
received percutaneous RVAD support in the form of per-
cutaneous dual lumen cannula through the right internal 

jugular vein inserted under fluoroscopic guidance. Please 
see echocardiographic assessment on Table 2.

Troponin and BNP were shown to be 6 times and 4 
times higher in the RV dysfunction cohort, whereas AST 
and creatinine levels were not observed to be statistically 
different between the two groups (see Table 3).

Complications
We observed that 69% (n = 23) of our patients developed 
ventilator-associated pneumonia. Hemorrhagic compli-
cations took place in 51% (n = 17), followed by renal fail-
ure requiring dialysis in 36% (n = 12), thromboembolic 
phenomenon in 30% (n = 10) urinary tract infections in 
21% (n = 7), bacteremia in 21% (n = 7), pneumothorax 
in 15% (n = 5) and heparin-induced thrombocytopenia 
(HIT) in 15% (n = 5).

A more in-depth analysis revealed that RV dysfunc-
tion was associated with a two fold increased risk of pul-
monary embolism (21.42% vs. 10.53%, p = 0.04) and two 
fold higher risk of thrombosis/deep venous thrombo-
ses (42.85% vs. 21.05%, p = 0.0046). Table 4 summarizes 
complication rates as related to RV dysfunction.

Total of 9% (n = 3) patients required placement of 
percutaneous RVAD. All were female, aged between 
31 and 46  years old. They all had a history of asthma, 
and one also had a distant history of H1N1 infection 
for which she had undergone intubation and ventila-
tion. All three patients exhibited severe RV dysfunc-
tion characterized by RV FAC < 35% and elevated 

Table 1  Patient related factors and comorbidities and the prevalence of right ventricular dysfunction

Demographics and PMH Total, n = 33 No RV dysfunction, n = 19 RV dysfunction, n = 14 P value

Mean age (years) ± STDV 48.7 ± 9.2 50.4 ± 7.7 46.5 ± 10.5

Mean BMI ± STDV 30.2 ± 3.5 30.9 ± 3.4 29.3 ± 3.6

Male 72.7% 73.7% 71.4%

Non-White 78.8% 73.7% 85.7%

DM % 36.36% 42.11% 28.60% 0.109

HTN % 33.33% 42.11% 21.43% 0.0104

Smoker % 35.48% 29.41% 42.86% 0.109

Lung disease (OSA, Asthma, COPD) % 27.27% 15.79% 42.86% 0.0002

Table 2  Echocardiographic assessment

Echocardiographic 
parameters

Total, n = 33 No RV 
dysfunction, 
n = 19

RV 
dysfunction, 
n = 14

Mean TAPSE 1.749 1.975 1.619

Mean RV FAC % 25.19 43 23.82

Mean PAP (mmHg) 51.21 40.133 55.957

Mean LVEF % 61.89 64.87 59.55
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pulmonary artery pressures (PAPs). Two patients were 
able to recover from ARDS and were discharged to the 
inpatient rehabilitation service and later discharged to 
home. The other did not show any evidence of cardio-
pulmonary recovery despite a prolong period of sup-
port and died when support was withdrawn.

The overall survival rate in our cohort study of 
COVID-19 VV ECMO was 39% (n = 13). The RV dys-
function group had a longer duration of mechanical 
ventilation, mechanical circulatory support, and longer 

total hospital stay. However, these findings did not 
reach statistical significance (see Table 5).

Discussion
RV injury, dilation and dysfunction as a result of COVID-
19 pneumonia is a well-recognized complication of this 
condition [7] and previous studies have objectively exam-
ined this phenomenon through echocardiography [11, 
14] and magnetic resonance imaging (MRI)(15). It has 
been demonstrated that presence of RV dysfunction is 

Table 3  Surrogates for end organ dysfunction

Bold indicate statistical significance

Surrogates for end organ dysfunction Total, n = 33 No RV dysfunction, n = 19 RV dysfunction, n = 14 P value

Mean pH 7.310 7.301 7.321 0.555

Mean pCO2 66.313 66.833 65.643 0.867

Mean pO2 79.250 81.222 76.714 0.632

Mean HCO3 33.097 32.412 33.929 0.651

Mean PEEP 13.750 14.278 13.071 0.287

Mean FiO2 88.44% 91.11% 85.00% 0.191

Mean tidal volume cc/kg 5.210 5.359 5.039 0.352

PaO2/FiO2 ratio 90.51 89.1 92.34 0.752

Mean peak AST 539.2 583.2 479.6 0.841

Mean peak creatinine 2.3 2.2 2.5 0.710

Mean peak BNP 433.3 158.5 662.3 0.037
Mean peak troponin I 0.24 0.07 0.44 0.039

Table 4  Complication rates as related to presence or absence of RV dysfunction

Bold indicate statistical significance

Complications Total, n = 33 No RV dysfunction, n = 19 RV Dysfunction, n = 14 P Value (chi-
square test)

Hemorrhage 51.50% 52.26% 50% 0.815

Heparin induced Thrombocytopenia 15.15% 15.79% 14.29% 0.783

Pneumonia 69.69% 68.42% 78.57% 0.283

Thrombosis/DVTs 30.30% 21.05% 42.85% 0.005
Urinary tract infection 21.21% 21.05% 21.43% 0.950

Bacteremia 21.21% 21.05% 21.43% 0.953

Pneumothorax 15.15% 15.79% 14.29% 0.783

Pulmonary embolism 15.15% 10.53% 21.42% 0.045

Table 5  Outcome data as related to presence or absence of significant RV dysfunction

Outcomes Total, n = 33 No RV dysfunction, 
n = 19

RV dysfunction, 
n = 14

P value

Survival to discharge % 39.4% 42.1% 35.7% 0.466

Mean duration of mechanical ventilation (days) 36.3 32.4 41.7 0.182

Mean duration of mechanical circulatory support (days) 27.3 20.9 35.9 0.062

Mean duration of total hospital stay (days) 54.9 47.0 65.6 0.153
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a significant adverse prognostic indicator in severely ill 
patients with COVID-19 [10, 15–17]. We identified that 
an overwhelming majority (78.8%) of the patients admit-
ted needing VV ECMO for COVID-19 were of non-white 
ethnic background. This is significant in the WWAMIO 
region with predominantly white population. However, 
higher incidence and higher morbidity and mortal-
ity rates in the non-Caucasian ethnic minorities from 
COVID-19 is a well reported phenomenon that could 
possibly be explained by socioeconomic disparities and 
lack of access to health care [18, 19].

In this study of COVID-19 patients on VV ECMO, 42% 
of cohort demonstrated echocardiographic evidence of 
clinically significant RV dysfunction. This is remarkable 
as it confirms the previously shown high incidence of 
RV dysfunction within patients with ARDS secondary to 
COVID-19 reported by other studies [20–22]. Addition-
ally, we identified that pre-existing chronic lung disease 
increases the risk of RV dysfunction by nearly threefold. 
As such these patients should be more attentively moni-
tored for evidence of RV dysfunction using TTE, particu-
larly with TAPSE and RV FAC measurements. A previous 
study by Lan et al. [10], demonstrated elevation in serum 
markers of D-Dimer and C-reactive protein (CPR) as 
surrogates of RV dysfunction. We do acknowledge that, 
while it is not possible to conclusively say which entity 
(RV failure or Troponin I/BNP elevation) preceded 
which, it is important to emphasize that Troponin I and 
BNP are highlighted as potential screening tools to detect 
and preempt RV failure earlier in its course, and any rise 
in these lab values should prompt trending these values 
in time and performing further investigation looking for 
evidence of RV dysfunction before “full on” RV failure 
and end organ dysfunction has set in. In this study, we 
identified that serum Troponin I and BNP were strong 
indicators of RV dysfunction. Our data showed troponin 
I elevation was sixfold and BNP elevation was fourfold 
higher in the RV dysfunction cohort as compared to the 
non-RV dysfunction cohort. Indicating that up-trending 
levels of these two markers should prompt physicians to 
monitor patients for RV dysfunction using TTE. We also 
recommend that any patient who requires VV ECMO 
due to COVID-19 should get a baseline and a follow-up 
TTE to monitor RV function.

Notably also we identified significantly higher throm-
boembolic phenomenon in patients after they devel-
oped RV dysfunction. It is known that COVID infection 
is a thrombogenic state. However, we also pustulate that 
higher venous pressures leading to greater stagnation of 
blood, predisposing patients to thromboembolic risk.

Furthermore, we report survival to hospital discharge 
of 39% amongst our COVID-19 patients who required 
VV ECMO. Our study could not further confirm findings 

by previous studies that reported higher mortality rates 
in patients with RV dysfunction. However, our study did 
demonstrate a trend towards increased length of hospi-
talization, as well as duration on mechanical and circula-
tory support in the RV dysfunction cohort. It is unknown 
whether RVAD support of patients with RV failure due 
to COVID ARDS improves mortality, and furthermore 
unknown if RVAD rescue of patients on VV ECMO with 
a failing RV is a viable option. This question is ripe for 
further study as some preliminary data suggest impres-
sively high rates of survival in patients supported using 
RVADs. Mustafa et al. [23], reported a study of 40 con-
secutive patients undergoing VV ECMO for COVID-19 
related respiratory failure. They reported that 29 (73%) 
were weaned off from ECMO and were eventually dis-
charged from the hospital without need for further 
oxygen therapy. However, this study did not report any 
significant RV failure or the need for RVAD in of their 
patients, which is a unique feature of our report.

Based on the findings presented in this study we 
devised a flowchart algorithm (see Fig. 1) for evaluation, 
monitoring and management of COVID-19 patients on 
VV ECMO with respect to RV dysfunction.

Conclusions
In conclusion, we identified that a significant propor-
tion of patients with COVID-19 infection requiring VV 
ECMO develop RV dysfunction. There is significant pre-
dilection of this phenomenon for ethnic minorities. Tro-
ponin I and BNP were identified as early biomarkers of 
RV dysfunction. This study reinforces the standard of 
care of obtaining baseline and serial TTE in these criti-
cally ill COVID-19 patients on VV ECMO. A close and 
systematic assessment during the ECMO Support with 
biomarkers and echocardiography might predict impair-
ment and evolution towards RV failure and properly 
change the therapeutic approach including percutaneous 
RVAD support.

Limitations
In our study not all patients had echocardiography, in 
whom laboratory surrogates were utilized as markers 
of RV failure. This study is inherently limited by limited 
number of subjects as well as its retrospective nature.

Abbreviations
ECMO: Extra-corporeal membrane oxygenation; RVAD: Right ventricular assist 
device; RV: Right ventricle; CT: Computed tomography; MCS: Mechanical 
circulatory support; ABG: Arterial blood gas; ARDS: Acute respiratory distress 
syndrome; CRP: C-reactive protein; BNP: Brain natriuretic peptide; TAPSE: 
Tricuspid annular plane systolic excursion; FAC: Fractional area change; PAP: 



Page 7 of 7Khorsandi et al. Journal of Cardiothoracic Surgery          (2022) 17:282 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Pulmonary artery pressures; TTE: Transthoracic echocardiogram; WWAMIO: 
Washington, Wyoming, Alaska, Montana, Idaho, and Oregon.

Acknowledgements
We gratefully acknowledge the help and support we received from the Uni-
versity of Washington extra-corporeal life support database team including, 
the extracorporeal membrane oxygenation coordinator, Jeff Maggioli, RN for 
providing us with the required data to perform this study.

Author contributions
MK: primary investigator, manuscript drafting and editing, data supervision, 
JK: Manuscript drafting and editing, MA: Data collection, AT: Data collection 
and analysis, JB: Manuscript editing, JP: Manuscript editing, MM: Senior author, 
manuscript editing. All authors read and approved the final manuscript.

Funding
None.

Availability of data and materials
Data could be requested and accessed through the corresponding author 
mkhors@uw.edu (M. Khorsandi).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable. IRB approval for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Division of Cardiothoracic Surgery, University of Washington Medical Center, 
1959 NE Pacific St, Seattle, WA 98195, USA. 2 Division of Pulmonary, Critical Care 
and Sleep Medicine, University of Washington Medical Center, Seattle, WA, 
USA. 

Received: 8 April 2022   Accepted: 23 October 2022

References
	1.	 Khorsandi B, Farzad K, Tahriri H, Maknoon R. Association between short-

term exposure to air pollution and COVID-19 hospital admission/mortal-
ity during warm seasons. Environ Monit Assess. 2021;193:426.

	2.	 Farzad K, Khorsandi B, Khorsandi M, Bouamra O, Maknoon R. Estimating 
short-term mortality benefits associated with a reduction in tropospheric 
ozone. Atmos Environ. 2021;252:118342.

	3.	 Farzad K, Khorsandi B, Khorsandi M, Bouamra O, Maknoon R. A study of 
cardiorespiratory related mortality as a result of exposure to black carbon. 
Sci Total Environ. 2020;725:138422.

	4.	 Mirzaei A, Tahriri H, Khorsandi B. Comparison between AirQ+ and 
BenMAP-CE in estimating the health benefits of PM2.5 reduction. Air 
Qual Atmos Health. 2021;14:807–15.

	5.	 Ahmadi M, Khorsandi B, Mesbah M. The effect of air pollution on drivers’ 
safety performance. Environ Sci Pollut Res. 2020;28:15768–81.

	6.	 Cho HJ, Heinsar S, Jeong IS, Shekar K, Li Bassi G, Jung JS, et al. ECMO use 
in COVID-19: lessons from past respiratory virus outbreaks—a narrative 
review. Crit Care. 2020;24:301.

	7.	 Corica B, Marra AM, Basili S, Cangemi R, Cittadini A, Proietti M, et al. 
Prevalence of right ventricular dysfunction and impact on all-cause death 
in hospitalized patients with COVID-19: a systematic review and meta-
analysis. Sci Rep. 2021;11(1).

	8.	 Cain MT, Smith NJ, Barash M, Simpson P, Durham LA, Makker H, et al. 
Extracorporeal membrane oxygenation with right ventricular assist 
device for COVID-19 ARDS. J Surg Res. 2021;264:81–9.

	9.	 Mahmoud-Elsayed HM, Moody ME, Bradlow WM, Khan-Kheil A, Senior J, 
Hudsmith LE, et al. Echocardiographic findings in patients with COVID-19 
pneumonia. Can J Cardiol. 2020;36(8):1203–7.

	10.	 Lan Y, Liu W, Zhou Y. Right ventricular damage in COVID-19: associa-
tion between myocardial injury and COVID-19. Front Cardiovasc Med. 
2021;8(82).

	11.	 Huang S, Vignon P, Mekontso-Dessap A, Tran S, Prat G, Chew M, et al. 
ECHO-COVID research group. Echocardiography findings in COVID-19 
patients admitted to intensive care units: a multi-national obser-
vational study (the ECHO-COVID study). Intensive Care Medicine. 
2022;48(6):667–78.

	12.	 ARDS Definition Task Force, Ranieri VM, Rubenfeld GD, et al. Acute respira-
tory distress syndrome: the Berlin Definition. JAMA J Am Med Assoc. 
2012;307:2526–33.

	13.	 Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al. 
Recommendations for cardiac chamber quantification by echocardiog-
raphy in adults: an update from the american society of echocardiogra-
phy and the European association of cardiovascular imaging. J Am Soc 
Echocardiogr. 2015;28(1):1–39.

	14.	 Bleakley C, Singh S, Garfield B, Morosin M, Surkova E, Mandalia S, et al. 
Right ventricular dysfunction in critically ill COVID-19 ARDS. Int J Cardiol. 
2021;327:251–8.

	15.	 Huang L, Zhao P, Tang D, Zhu T, Han R, Zhan C, et al. Cardiac involvement 
in patients recovered from COVID-2019 identified using magnetic reso-
nance imaging. JACC Cardiovasc Imaging. 2020. https://​doi.​org/​10.​1016/j.​
jcmg.​2020.​05.​004.

	16.	 Puntmann VO, Carerj ML, Wieters I, Fahim M, Arendt C, Hoffmann J, et al. 
Outcomes of cardiovascular magnetic resonance imaging in patients 
recently recovered from coronavirus disease 2019 (COVID-19). JAMA 
Cardiol. 2020;5:1265–73.

	17.	 Rajpal S, Tong MS, Borchers J, Zareba KM, Obarski TP, Simonetti OP, et al. 
Cardiovascular magnetic resonance findings in competitive athletes 
recovering from COVID-19 infection. JAMA Cardiol. 2020;13:e204916. 
https://​doi.​org/​10.​1001/​jamac​ardio.​2020.​4916).

	18.	 Lopez L III, Hart LH III, Katz MH. Racial and ethnic health disparities related 
to COVID-19. JAMA J Am Med Assoc. 2021;325:710720.

	19.	 Yehia BR, Winegar A, Fogel R, et al. Association of race with mortality 
among patients hospitalized with coronavirus disease 2019 (COVID-19) at 
92 US hospitals. JAMA J Am Med Assoc. 2020;3(8).

	20.	 Jain SS, Liu Q, Raikhelkar J, Fried J, Elias P, Poterucha TJ, et al. Indications 
and findings on transthoracic echocardiography in COVID-19. J Am Soc 
Echocardiogr. 2020;33:1278–84.

	21.	 Dweck MR, Bularga A, Hahn RT, Bing R, Lee KK, Chapman AR, et al. Global 
evaluation of echocardiography in patients with COVID-19. Eur Heart J 
Cardiovasc Imaging. 2020;2:949–58.

	22.	 Rath D, Petersen-Uribe A, Avdiu A, Witzel K, Jaeger P, Zdanyte M, et al. 
Impaired cardiac function is associated with mortality in patients with 
acute COVID-19 infection. Res Rep Clin Cardiol. 2020;109:1491–9.

	23.	 Mustafa AK, Alexander PJ, Joshi DJ, Tabachnick DR, Cross CA, Pappas P, 
et al. Extracorporeal membrane oxygenation for patients with COVID-19 
in severe respiratory failure. JAMA J Am Med Assoc. 2020;155(10):990–2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jcmg.2020.05.004
https://doi.org/10.1016/j.jcmg.2020.05.004
https://doi.org/10.1001/jamacardio.2020.4916)

	Diagnosis and treatment of right ventricular dysfunction in patients with COVID-19 on veno-venous extra-corporeal membrane oxygenation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Statistical analysis

	Results
	Risk factors for right ventricular dysfunction
	Complications

	Discussion
	Conclusions
	Limitations
	Acknowledgements
	References


