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Zbigniew Putowski 1,*, Anna Szczepańska 2, Marcelina Czok 1 and Łukasz J. Krzych 2

����������
�������

Citation: Putowski, Z.; Szczepańska,
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Abstract: The recent development in extracorporeal life support (ECLS) has created new therapeutic
opportunities for critically ill patients. An interest in extracorporeal membrane oxygenation (ECMO),
the pinnacle of ECLS techniques, has recently increased, as for the last decade, we have observed
improvements in the survival of patients suffering from severe acute respiratory distress syndrome
(ARDS) while on ECMO. Although there is a paucity of conclusive data from clinical research
regarding extracorporeal oxygenation in COVID-19 patients, the pathophysiology of the disease
makes veno-venous ECMO a promising option.

Keywords: acute respiratory distress syndrome; acute respiratory failure; coronavirus disease 2019;
veno-venous extracorporeal oxygenation

1. Introduction

The recent development in extracorporeal life support (ECLS) has created new thera-
peutic opportunities for critically ill patients [1]. An interest in extracorporeal membrane
oxygenation (ECMO), the pinnacle of ECLS techniques, has recently increased, as for the
last decade, we have observed improvements in the survival of patients suffering from
severe acute respiratory distress syndrome (ARDS) while on ECMO [2–5]. This technique
enables an extracorporeal gas exchange, as blood flows through gas-permeable mem-
branes and is exposed to fresh gas mixture, providing hemoglobin oxygenation and carbon
dioxide removal.

Even though, ECMO in respiratory failure is not novel and the first attempts of its
usage were introduced in 1971. For many years, its potential was neglected, mainly due to
high mortality, severe adverse effects, limited accessibility, and high economic costs [6,7].
In adults, ECMO was primarily reserved for open-heart cardiac surgeries in which patients
were cannulated to the aorta and inferior vena cava or the right atrium to take over the
function of the heart and lungs (the so-called veno-arterial ECMO, VA-ECMO). Shortly
afterwards, a modification to standard VA-ECMO was introduced, aimed to replace res-
piratory function only, namely, veno-venous ECMO (VV-ECMO). After several decades
and after overcoming multiple technical obstacles, the role of VV-ECMO has been increas-
ing over time, especially during outbursts of viral pneumonias [4]. This is all the more
important given the research that has proven the harmful influence of invasive mechanical
ventilation (MV) on the lung injury [8]. In patients with severe ARDS, parameters of
mechanical ventilation necessary to maintain adequate oxygenation and carbon dioxide
removal often exceed safe values, which paradoxically contributes to lung damage. In
such patients, refractory to mechanical ventilation, VV-ECMO can provide optimal oxy-
gen delivery while reducing ventilatory support (so-called ultraprotective mechanical
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ventilation) and thus, reduce ventilator-induced lung injury (VILI) [9,10]. It must be re-
membered, though, that VV-ECMO does not stand as a first-line treatment, is limited by
several indications and contraindications, and constitutes a rescue therapy for patients
who have a chance of recovery. The current COVID-19 pandemic has yet again increased
the prevalence of ARDS, including the most severe cases, which naturally brings greater
attention to the use of VV-ECMO, even as a bridge to lung transplantation for patients that
suffered from critical damage inflicted over the course of the disease [11,12]. VA-ECMO is
also a considerable option for those patients who additionally developed acute circulatory
failure [13]. This review, however, is focused solely on VV-ECMO, as it is more commonly
used and has a wider range of potential indications in patients infected with SARS-CoV-2.

2. A Few Words about the Procedure

In short, in order to perform VV-ECMO, double vascular access via a central vein is
necessary. The cannulas should present certain properties, such as Fr of 23–31 for venous
drainage and 15–19 Fr for venous return, in order to provide 3–7 L min−1 of blood flow [14].
Such a large size of the cannulas is a crucial factor in providing adequate blood flow, as
there is a linear correlation between blood flow and oxygen transfer [15]. Usually, blood is
drained from the femoral vein and is infused back in the internal jugular vein (Figure 1).
Such an invasive vascular access is naturally associated with an increased risk of infections
and therefore, special effort for the antiseptic care is required [14]. Apart from dual-vein
access, double-lumen cannulas (DLCs) are also a viable option [16]. There are reports that
the use of DLCs allows for a significant reduction of recirculation (i.e., repeated suction
of already oxygenated blood by the inflow cannula) and more effective blood flow in the
system [17].

Figure 1. A scheme of the VV-ECMO circuit. VV-ECMO– Venovenous Extracorporeal Membrane
Oxygenation.

The patient’s blood is moved from the vascular bed by a negative pressure generated
by the pumps in the apparatus. The suction of blood can result in collapse of the veins,
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which disturbs extracorporeal blood flow and is more expressed in cases of hypovolemia,
coughing, increased intra-abdominal pressure, and in malposition of cannulas [18].

Since blood passes through synthetic tubes, morphotic elements can be damaged and
an activation of the inflammatory response and coagulation cascade occurs [19]. Thrombi
can form all along an extracorporeal circuit, which not only disturbs the blood flow but can
also lead to severe thrombotic events and the depletion of coagulation factors and blood
platelets [20]. Hence, an anticoagulation is necessary. This is primarily achieved by systemic
heparin-based anticoagulation; however, for patients with developed heparin-induced
thrombocytopenia (HIT), a switch to alternative anticoagulation methods is necessary,
namely, to direct thrombin inhibitors (e.g., bivalirudin or argatroban) [21]. Constant heparin
infusions require regular monitoring of the activated partial thromboplastin time (APTT)
or the activated clotting time (ACT). The elevated values of the latter parameters naturally
pose a threat of systemic side effects (related to iatrogenic bleeding diathesis) [22]. However,
recently, the idea of anticoagulation-free ECMO is emerging, as several studies reported
a decreased incidence of bleeding events and no additional thrombosis risk in such a
setting [23].

For the purpose of oxygenation and carbon dioxide removal, blood travels from the
tubes and enters an oxygenator. In such a device, blood contacts with sweep gas via the
polymethylpentene membrane through which the gas exchange occurs. The process of
oxygenation depends on the blood flow and the concentration of O2 in fresh gas; therefore,
for VV-ECMO, as stated before, high blood flows are necessary to keep an adequate arterial
oxygen concentration. On the contrary, carbon dioxide removal depends only on the fresh
gas flow, thus it can be performed with lower blood flows (so-called extracorporeal carbon
dioxide removal—ECCO2R) [15,24]. Moreover, the entire process is dependent on the
patient’s physiology as well; for VV-ECMO, heart function must be preserved and an ade-
quate hemoglobin concentration is required for the oxygen transport to be sufficient [25].
Accordingly, if acceleration of blood flow does not optimize oxygenation, red blood cells
transfusion can be considered as another way to improve oxygen delivery [26]. Neverthe-
less, as each blood product’s administration carries a risk of side effects, management of
the hemoglobin level during VV-ECMO is still a matter of discussion [27].

In the first days of VV-ECMO or until a significant improvement in respiratory and
function is achieved, deep sedation and muscle relaxation is recommended [28]. However,
it should be remembered that sedation should be titrated to the light one in subsequent days
and the pain–agitation–delirium algorithm should be implemented to provide effective
physiotherapy and early mobilization [28,29]. Additionally, conducting the therapy in
conscious patients (awake ECMO) is getting more common [30].

In summary, ECMO is associated with a number of severe adverse effects. Proper
qualification for the procedure and compliance with existing guidelines are the first steps
to avoiding those incidences. Frequent assessment of the cannula positioning, function of
the oxygenator (blood gas analysis), and monitoring of coagulation parameters helps to
reduce coagulopathic events (hemorrhage and thrombosis). Additionally, improvements
in antiseptic behaviors reduce the rate of infections.

3. What Are the Indications and Contraindications for VV-ECMO?

The most important indication for VV-ECMO is any potentially reversible acute
respiratory failure refractory to standard treatment, which has to be supervised firstly. The
medical multidisciplinary team is obliged to optimize the patient’s condition as much as
possible in a personalized manner (Table 1).

Most recognized indications and contraindications for VV-ECMO implementation are
presented in Table 2. In the COVID-19 era, many of the mentioned indications became
relative (see below).
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Table 1. Optimization procedures before VV-ECMO qualification [31].

Exclusion or removal of potentially reversible causes of deterioration in lungs function: pneumothorax, significant pleural effusion,
bronchial obstruction with respiratory secretion or clot, congestion in pulmonary vasculature, increased extravascular lung water

Protective mechanical ventilation: VT ≤ 6 mL kg−1 of ideal body weight according to the ARDSNet table, Pplat < 30 cmH2O,
permissive hypercapnia, driving pressure < 14 cmH2O

Adequate sedation (RASS -4/-5). If there is poor tolerance of ventilation with low tidal volumes and difficulties in patient-ventilator
synchronization, in severe cases of ARDS (PaO2/FiO2 < 120 mmHg), implementation of muscle relaxants for a maximum of 48 h

should be considered
PEEP titration (5-10-15-20 cmH2O) to optimal lung compliance considering hemodynamic effects and optimal PaO2/FiO2 values,

preferably by derecruitment technique
Frequent bronchial tree toilet (closed suction system), daily bronchoscopy + subsequent recruitment maneuvers

Optimization of fluid therapy—negative fluid balance (forced diuresis, CRRT), preferably according to EVLW (extra-vascular lung
water) < 10 mL kg−1

Optimization of the circulatory system and appropriate vasopressor support
If prone positioning results in significant improvement of oxygenation, it should be implemented at least twice a day for 6–8 h +

recruitment maneuvers in the prone position and determination of optimal PEEP
To reduce the risk of pneumonia associated with mechanical ventilation: rational antibiotic therapy, avoiding reintubation, gastric
probe inserted through the mouth, elevation of the head of the bed to 30◦–45◦, suction from above the cuff of the endotracheal tube,

monitoring depth of sedation, early enteral nutrition, glycemia control, peptic ulcer prophylaxis (sucralfate), venous
thromboembolism prophylaxis

Pplat—plateau pressure, RASS—Richmond Agitation-Sedation Scale, ARDS—Acute Respiratory Distress Syndrome, PaO2- Partial pressure
of arterial oxygen, FiO2—Fraction of inspired oxygen, CRRT—Continuous Renal Replacement Therapy, EVLW—Extravascular Lung Water.

Figure 2. Conventional VV-ECMO indications for ARDS ([32], self-modified). VV-ECMO—Venovenous Extracorporeal
Membrane Oxygenation, ARDS—Acute Respiratory Distress Syndrome, PaO2—partial pressure of arterial oxygen, FiO2—
fraction of inspired oxygen, PaCO2—partial pressure of carbon dioxide.

Table 2. Indications and contraindications for ECMO ([32,33], self-modified).

Indications Contraindications

Potentially reversible acute respiratory failure Irreversible cardiac or pulmonary disease
Severe ARDS refractory to standard treatment (Figure 2) Severe brain injury

Pulmonary thromboembolism with preserved cardiac function Polytrauma with a high risk of bleeding
Trauma (pulmonary contusion) Severe pulmonary hypertension
Murray score ≥ 3 pts (Table 3) Uncontrolled bleeding

Failed lung transplant graft Mechanical ventilation for >14 days before initiation of ECMO or
ventilation at high settings (FiO2 > 0.9, Pplat > 30) for ≥7 days

ARDS—Acute Respiratory Distress Syndrome, ECMO—Extracorporeal Membrane Oxygenation, FiO2—Fraction of inspired oxygen,
Pplat—Plateau Pressure.
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Table 3. Murray score for the initiation of VV-ECMO in acute respiratory failure [34].

Parameter/Score 0 1 2 3 4

PaO2/FiO2 (mmHg) ≥300 225–299 175–224 100–174 <100
Chest X-ray (quadrants infiltrated) normal 1 2 3 4

PEEP (cmH2O) ≤5 6–8 9–11 12–14 ≥15
Compliance (mL/cmH2O) ≥80 60–79 40–59 20–39 ≤19

PaO2—Partial pressure of arterial oxygen, FiO2– Fraction of inspired oxygen, PEEP—Positive End-Expiratory Pressure.

Initiation of VV-ECMO in the times of the COVID-19 pandemic is restricted by other
contraindications as well. As the entire procedure requires organization of medical person-
nel, equipment, and facilities, resources constraints force strict prioritization of patients
that may benefit from the therapy [35]. VV-ECMO should not be commenced in patients
in whom the therapy would be futile and should be reserved to subjects with better
prognosis [32,36].

Thus, the qualification should be prudent and scientifically justified. Outcome predict-
ing tools can be helpful in making decisions regarding initiation of ECMO. Currently, there
is no ideal model that would confirm a positive outcome with diagnostic accuracy, mainly
due to a plethora of specific complications of ECMO (e.g., bleeding and transfusion-related
complications, thrombosis in the circuit, and organ-related complications). Therefore, the
decision to undertake this therapeutic strategy should be based on pathophysiological
rationale, clinical course, and the health burden due to comorbidities, taking into account
the will of the patient. The factors most strongly associated with the risk of death during
ECMO therapy, as determined before the initiation of therapy, are immunocompromised
status, mechanical ventilation time, and SOFA score. Many mortality predictors using the
above-mentioned factors are available; those most commonly applied for VV-ECMO are
listed in Table 4.

Table 4. Mortality prediction scales for patients who may undergo VV-ECMO [37].

Name Mode AUROC 95% CI

RESP score VV. VA 0.74 0.72–0.76

ECMOnet score VV 0.86 0.74–0.96

Score by Roch et al. VV 0.8 0.71–0.89

PRESERVE score VV 0.89 0.83–0.94

Score by Enger et al. VV 0.75 NA

VV ECMO mortality score VV 0.76 0.67–0.85
AUROC—Area Under the Receiver Operating Characteristics, VV—venovenous, VA—venoarterial, VV ECMO—
Venovenous Extracorporeal Membrane Oxygenation, CI—confidence interval

Those scales were designed in the setting of typical ARDS. Many attempts have been
made to create perfect prognostication models and their diagnostic accuracy has been
confirmed to reach 80%. However, one ought to remember that in COVID-19, qualification
to VV-ECMO is challenging and may be biased. The scales have not been validated in this
specific clinical scenario yet. For instance, the PRESERVE score, with an AUROC of 0.89
(the highest one from those in Table 4), takes into account age, body mass index (BMI),
immunological status, SOFA scale, duration of mechanical ventilation, prone positioning,
PEEP, and plateau pressure values [38]. Unfortunately, the PRESERVE score lacks some
of the key factors that are prominent in the severe COVID-19 population. For example,
it is now known that high D-dimer levels independently correlate with the mortality of
such patients [39,40]. Additionally, higher concentrations of lactate dehydrogenase (LDH)
can early predict the severity of the disease [41]. Perhaps considering those markers when
assessing risk of death in acute respiratory failure due to COVID-19 would be helpful in
distinguishing patients with the best chance of survival and benefiting from VV-ECMO.
Moreover, plateau pressure and PEEP values may not fully reflect the severity of COVID-19-
derived acute respiratory failure (ARF), as many patients with this disease, especially at the
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early stages, present high-compliance lungs but still suffer from refractory hypoxemia [42].
Therefore, such patients will not achieve plateau pressures above 30 cmH2O, but their
prognosis may still be doubtful. Additionally, prone positioning in such patients may not be
recommended [42]. Lastly, the PRESERVE score shows that BMI above 30 kg/m2 serves as
a factor that improves survival; however, in COVID-19, obesity is strongly associated with
the mortality and with severity of the disease [43]. The above-mentioned issues indicate a
necessity for updated outcome predicting tools when selecting COVID-19 patients for the
VV-ECMO therapy.

4. VV-ECMO Efficacy: Glimpse of the Recent Past

Scientific data from randomized trials regarding VV-ECMO in respiratory failure is
scarce. In 2009, a multicenter trial for the efficacy and economic assessment of Conven-
tional ventilatory support versus Extracorporeal membrane oxygenation for Severe Adult
Respiratory failure (CESAR) was performed [3]. In this study, 180 patients were enrolled,
90 of which were assigned for the VV-ECMO implementation. The eligibility criteria in-
cluded patients with severe but potentially reversible ARF, a Murray score of 3 or higher,
and pH < 7.20 despite optimal ventilatory management. For the intervention group, the
median time for ECMO initiation from the time of randomization was 6.1 h (40% of ECMO
patients were already ventilated for longer than 48 h). For the ventilatory support, no strict
criteria were introduced, as clinicians were only advised to maintain protective mechanical
ventilation (low tidal volume and plateau pressure below 30 cmH2O). Notably, 25% of
all patients randomized to the intervention group did not receive ECMO (importantly,
primary analysis was by intention to treat). The researchers found the mortality (or severe
disability) in patients with ECMO was 37%, compared to the conventional group, where
it was 53% (RR 0.69; 95% CI 0.05–0.97, p = 0.03). It is possible that due to the extracorpo-
real gas exchange, less invasive ventilatory parameters could be attained (ultraprotective
mechanical ventilation), therefore reducing the prevalence of ventilatory-induced lung
injury (VILI) and mortality. One of the limitations of the above-mentioned study is that
mechanical ventilation treatment was not standardized, and this could have resulted in
higher pressures being implemented in the conventional group, therefore promoting VILI.

One of the most frequently discussed studies that yet again made ECMO controversial
was the Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress
Syndrome (EOLIA) trial [2]. The EOLIA was a multi-center randomized controlled trial in
which patients with severe ARDS were randomized to either early implementation (median
time = 3.3 h) of VV-ECMO or conventional mechanical ventilation with a possibility to start
ECMO as a rescue therapy in case of refractory hypoxemia (SaO2 < 80% for >6 h). The study
protocol provided detailed criteria for mechanical ventilation. In the study group, the fol-
lowing ventilation settings were implemented: volume-assist control mode, FiO2 = 30–50%,
PEEP > 10, plateau pressure < 24 cmH2O, and respiratory rate 10–30 breaths per minute;
while in the control group, ventilation with TV maximum of 6 mL/kg of ideal body weight
and plateau pressure < 30 cmH2O was applied. In addition, physicians were encouraged
to apply adjunctive interventions, such as prone positioning, the use of neuromuscular
blocking agents, inhalation of nitric oxide, recruitment maneuvers, high-frequency oscil-
latory ventilation, or almitrine infusion in the control group, if necessary. The study was
terminated prematurely due to no significant differences in the 60-day mortality (primary
endpoint) between the groups in the interim analysis of data obtained after enrollment
of 240 of the pre-specified 331 patients optimal for statistical analysis (35% in the ECMO
group, 46% in the control group; RR 0.76; 95% CI 0.55–1.04; p = 0.09). Unfortunately, early
cessation made the entire study statistically underpowered and unable to detect significant
differences in mortality. Finally, 249 patients were randomized: 124 to the early ECMO
group and 125 to the control group; however, as many as 35 (28%) patients in the control
group required conversion to ECMO, which could have falsely reduced the difference in
mortality between the groups. If the crossover was not allowed by the study protocol, the
survival rate in the control group would have been much lower (15 out of 35 patients placed
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on the rescue ECMO survived) and thus the relative risk reduction would have increased
to a significant value. Moreover, the risk of treatment failure (defined as death by day
60 in patients in the interventional group and as crossover to ECMO or death in patients
in the control group) was significantly lower in the early ECMO group in comparison to
the control group (RR 0.62, 95% CI 0.47–0.82; p < 0.05). Furthermore, post-hoc Bayesian
analysis pointed out a very high probability of improving outcome in severe ARDS if
ECMO was applied (88% to 99% chance of success depending on the chosen priors) [44].

Recently, EOLIA and CESAR data were put into a meta-analysis and the investigators
concluded that indeed, there was evidence that VV-ECMO reduced mortality and organ
failure [45]. Importantly, this study showed that the implementation of ECMO in patients
with one or two organ failures significantly reduced mortality (22% vs. 41%) compared
to patients with three or more organ failures. This suggests that ECMO may improve
the outcome only in patients in whom multi-organ failure and severe shock has not yet
occurred. Those with multiorgan failure would not benefit from this invasive technique. In
conclusion, early implementation of VV-ECMO in severe ARDS may significantly improve
the outcome under specific conditions only.

5. Is There a Place for VV-ECMO in the Times of the COVID-19 Pandemic?

Based on the above-mentioned information, VV-ECMO may represent a valuable
therapeutic option in patients with severe lung failure in the course of the SARS-CoV-2
infection. Importantly, there are recommendations that very specifically define the indica-
tions for ECMO therapy in COVID-19 in several countries [46]. It is important that these
recommendations relate to the period of the pandemic when ICU admission, discharge,
and triage guidelines should be adjusted to local needs and abilities. Nontraditional indica-
tions and contraindications are usually necessary in such a situation. Thus, they allow the
age criterion to be changed depending on the course of the pandemic. There is a limited
number of observations regarding VV-ECMO in COVID-19 patients (Table 5). Individual
data suggest that early implementation of VV-ECMO may improve the outcome [2,45].

Table 5. A summary of trials in which VV-ECMO was implemented in severe acute respiratory failure associated with
COVID-19 (as of 15 November 2020). MV—Mechanical ventilation.

Study Type of the Study Population Time of VV-ECMO
Implementation Effect

Liu et al. [47] Retrospective
observational 6 patients 12 days (median time) after

MV initiation
No patient who received ECMO
died (at day 28 from admission)

Osho et al. [48] Prospective
observational 6 patients 5.5 days (median time) after

MV initiation 1 patient died during ECMO

Beyls et al. [49] Retrospective
observational 12 patients 4 days (median time) after MV

initiation

2 patients died during ECMO
(however, at the time of analysis,
8 patients were still on ECMO)

Schmidt et al. [50] Retrospective
observational 83 patients 4 days (median time) after MV

initiation

30 patients (36%) died.
Importantly non-survivors
received ECMO later than

survivors (6 days vs. 4 days)

Falcoz et al. [51] Prospective
observational 16 patients 4 days (median time) after MV

initiation
6 patients died (mortality at day

60 was 38%)

Sultan et al. [52] Retrospective
observational 10 patients 3 days (median time) after MV

initiation
1 patient died (mortality was

assessed on day 9)

Mustafa et al. [53] Retrospective
observational 40 patients 4 days (mean time) after MV

initiation

6 patients died (15%). 29 patients
(73%) have been discharged

from the hospital.

Barbaro et al. [54] Retrospective,
observational 1035 patients 4 days (median time) after

endotracheal intubation 38% mortality at day 90

One ought to know that the mortality in patients treated with ECMO in the above-
described studies (i.e., Schmidt and Barbaro) was comparable with EOLIA (35%) and CESAR
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(37%). In the LIFEGUARDS multicenter prospective observational study, mortality reached
39% [55]. This similarity illustrates the potential effect in mortality reduction that can be
expected in COVID-19 patients with ARF unresponsive to standard ventilatory treatment.

COVID-19-related ARF is not only the pure ARDS due to viral pneumonia, so the
prognostication about the course of disease may be extremely difficult. The current un-
derstanding of severe COVID-19 indicates that at the roots of ARF, due to the infection, is
the so-called endothelialitis, that is, the inflammation of the endothelium, which occurs
mainly in the lung vasculature [56]. SARS-CoV-2 infection often leads to a procoagulable
state, which results in microthrombi (or immunothrombi) formation, mainly in the periph-
eral pulmonary arteries [57]. Italian researchers propose to use the term “MicroCLOTS”
(microvascular COVID-19 lung vessels obstructive thromboinflammatory syndrome) as a
new name for severe pulmonary COVID-19 [58]. They suggest that the activation of the
complement cascade leads to endothelial damage and recruits leucocytes. This reaction is
responsible for a massive local release of proinflammatory cytokines, such as interleukin
(IL)-1, IL-6, IL-8, and Interferon gamma (IFN-γ). Of note, such a robust inflammatory re-
sponse probably makes COVID-19 patients biologically predisposed to ventilator-induced
lung injury (VILI) and, therefore, the risk of VILI should be minimized by introducing lung
protective ventilation [58,59]. Unfortunately, maintaining protective ventilatory parameters
in those patients may result in increasing hypoxia and hypercapnia, mainly due to low
tidal volumes. This makes the ECLS technique a viable option in either reducing the
power of mechanical ventilation or improving gas exchange. Nevertheless, due to the host
immune response, many immune cells, namely lymphocytes, macrophages, monocytes,
and neutrophils, run their proinflammatory functions, leading to microvascular thrombosis
vascular endothelial and alveolar cell damage [58]. Additionally, such a hypercoagulable
state might be augmented by the increase of pathological antibodies, often of similar char-
acteristics to those found in antiphospholipid syndrome [60]. There are some laboratory
changes that are associated with thrombotic complications in COVID-19 (Table 6). VV-
ECMO with therapeutic anticoagulation may therefore help to reduce the risk of clinical
consequences of hypercoagulability.

Table 6. Laboratory changes often found in severe COVID-19 infection ([61], self-modified).

D-Dimer Elevated

Fibrinogen Elevated
FDPs Elevated

Platelet count Normal or mildly decreased
Plasma viscosity Increased

Factor VIII activity Increased
Von Willebrand factor Increased

Protein C i S Modestly decreased
FPDs—Fibrinogen degradation products.

In the most severe COVID-19 patients, ARF may, therefore, be a result of impaired
vascular function and hemostatic balance, and not lung tissue itself. Indeed, many patients
with early COVID-19-derived respiratory failure present with high-compliance lungs,
which means that an increase in PEEP values may not improve oxygenation and can
even worsen it [62,63]. High mean airway pressure, especially in high-compliance lungs,
can increase pulmonary vascular resistance even to a point of blood flow obstruction.
This results in higher ventilation-to-perfusion ratios and, therefore, in expansion of West
zone 1 (where the pressure in airways surpasses pressures in the pulmonary arteries
and veins). Such a condition is considered as an increased dead space and worsens gas
exchange. It must also be remembered that dead space results in hypercapnia, which has a
number of detrimental effects, including inhibition of alveolar wound repair, proliferation
of alveolar cells, and reabsorption of alveolar fluid [59,64]. In this context, patients with
high pulmonary compliance may be refractory to the standard ventilatory treatment and
other supportive procedures, such as prone positioning. Implementation of VV-ECMO
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in these conditions could bypass the above-mentioned issues and could additionally
reduce hypoxic pulmonary vasoconstriction and right ventricle afterload, as upon entering
pulmonary vasculature, blood would already be well saturated with the oxygen [7,63].

As it is clear now, COVID-19-related ARF is a highly complex pathology, where taking
into account only the clinical picture of lungs is scientifically insufficient. Therefore, based
on the quartiles of D-dimer concentrations and lung static compliance, Grasselli et al.
divided COVID-19 patients with ARF into four groups [65]. The first group, namely, high
D-dimers and low lung compliance (HDLC) with D-dimer concentrations greater than the
median in COVID-19 ARDS (>1880 ng/mL) and static compliance equal to or less than the
median (41 mL/cm H2O), constituted 27% of COVID-19 ARDS patients. The low D-dimers
and high compliance (LDHC) group contained patients exhibited D-dimer concentrations
equal to or less than the median, and static compliance greater than the median (26% of all
patients). The low D-dimers and low compliance (LDLC) group included patients with
D-dimer concentrations and static compliance equal to or less than the medians (23% of
all patients). The high D-dimers, high compliance (HDHC) group was patients with D-
dimer concentrations and static compliance greater than the medians (24% of all patients).
Interestingly, the HDLC group had significantly higher 28-day mortality than the other
three groups (56% in the HDLC group vs. 27% in the LDHC group, 22% in the LDLC group,
and 35% in the HDHC group, all p = 0.0001).

As it is seen above, the severity of the disease depends both on the lungs condition and
coagulation status. Indeed, the administration of anticoagulants improves survival [66].
Patients receiving ECMO would therefore benefit not only from improved gas exchange but
also from receiving large doses of anticoagulation drugs. However, anticoagulation in those
patients is often insufficient as it is reported that the majority of patients receiving ECMO
suffer from thrombotic occlusions within centrifugal pumps [67]. An additional therapeutic
option for patients with SARS-CoV-2 infection requiring ECMO is the adhibition of a
procoaguable cytokine elimination filter, which is thought to attenuate the cytokine storm,
including IL-6, which is regarded as a procoaguable cytokine [68]. There are ongoing
studies in this area, which may answer the question whether the reduction of cytokine
levels during ECMO therapy improves survival in this group of patients [69].

6. Conclusions

VV-ECMO is an effective viable therapeutic option for severe acute respiratory failure,
which is refractory for conventional treatment. Although there is a paucity of conclusive
data from clinical research regarding extracorporeal oxygenation in COVID-19 patients,
the pathophysiology of the disease makes VV-ECMO a promising option.

Author Contributions: Conceptualization, Z.P., M.C., A.S., Ł.J.K.; writing—original draft prepara-
tion, Z.P., M.C., A.S.; writing—review and editing, Ł.J.K.; supervision: A.S., Ł.J.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brodie, D.; Slutsky, A.S.; Combes, A. Extracorporeal Life Support for Adults with Respiratory Failure and Related Indications: A

Review. JAMA 2019, 322, 557–568. [CrossRef] [PubMed]
2. Combes, A.; Hajage, D.; Capellier, G.; Demoule, A.; Lavoué, S.; Guervilly, C.; Da Silva, D.; Zafrani, L.; Tirot, P.; Veber, B.; et al.

Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2018, 378, 1965–1975.
[CrossRef] [PubMed]

3. Peek, G.J.; Clemens, F.; Elbourne, D.; Firmin, R.; Hardy, P.; Hibbert, C.; Killer, H.; Mugford, M.; Thalanany, M.; Tiruvoipati, R.;
et al. CESAR: Conventional ventilatory support vs extracorporeal membrane oxygenation for severe adult respiratory failure.
BMC Health Serv. Res. 2006, 6, 163. [CrossRef] [PubMed]

http://doi.org/10.1001/jama.2019.9302
http://www.ncbi.nlm.nih.gov/pubmed/31408142
http://doi.org/10.1056/NEJMoa1800385
http://www.ncbi.nlm.nih.gov/pubmed/29791822
http://doi.org/10.1186/1472-6963-6-163
http://www.ncbi.nlm.nih.gov/pubmed/17187683


Int. J. Environ. Res. Public Health 2021, 18, 1173 10 of 12

4. Australia and New Zealand Extracorporeal Membrane Oxygenation (ANZ ECMO) Influenza Investigators. Extracorporeal
Membrane Oxygenation for 2009 Influenza A(H1N1) Acute Respiratory Distress Syndrome. JAMA 2009, 302, 1888–1895.
[CrossRef] [PubMed]

5. Alshahrani, M.S.; Sindi, A.; Alshamsi, F.; Al-Omari, A.; El Tahan, M.; Alahmadi, B.; Zein, A.; Khatani, N.; Al-Hameed, F.; Alamri,
S.; et al. Extracorporeal membrane oxygenation for severe Middle East respiratory syndrome coronavirus. Ann. Intensive Care
2018, 8, 3. [CrossRef] [PubMed]

6. Zapol, W.M.; Snider, M.T.; Hill, J.D.; Fallat, R.J.; Bartlett, R.H.; Edmunds, L.H.; Morris, A.H.; Peirce, E.C.; Thomas, A.N.; Proctor,
H.J.; et al. Extracorporeal membrane oxygenation in severe acute respiratory failure. A randomized prospective study. JAMA
1979, 242, 2193–2196. [CrossRef]

7. Ma, X.; Liang, M.; Ding, M.; Liu, W.; Ma, H.; Zhou, X.; Ren, H. Extracorporeal Membrane Oxygenation (ECMO) in Critically Ill Pa-
tients with Coronavirus Disease 2019 (COVID-19) Pneumonia and Acute Respiratory Distress Syndrome (ARDS). Med. Sci. Monit.
2020, 26, 925364.

8. Ricard, J.D.; Dreyfuss, D.; Saumon, G. Ventilator-induced lung injury. Eur. Respir. J. Suppl. 2003, 42, 2–9. [CrossRef]
9. Schmidt, M.; Pellegrino, V.; Combes, A.; Scheinkestel, C.; Cooper, D.J.; Hodgson, C. Mechanical ventilation during extracorporeal

membrane oxygenation. Crit. Care 2014, 18, 203. [CrossRef]
10. Extracorporeal Life Support Organization. ELSO Guidelines for Cardiopulmonary Extracorporeal Life Support and Patient Specific

Supplements to the ELSO General Guidelines; ELSO: An Arbor, MI, USA, 2015.
11. Tzotzos, S.J.; Fischer, B.; Fischer, H.; Zeitlinger, M. Incidence of ARDS and outcomes in hospitalized patients with COVID-19: A

global literature survey. Crit. Care 2020, 24, 516. [CrossRef]
12. Lang, C.; Jaksch, P.; Hoda, M.A.; Lang, G.; Staudinger, T.; Tschernko, E.; Zapletal, B.; Geleff, S.; Prosch, H.; Gawish, R.; et al. Lung

transplantation for COVID-19-associated acute respiratory distress syndrome in a PCR-positive patient. Lancet Respir. Med. 2020,
8, 1057–1060. [CrossRef]

13. Chow, J.; Alhussaini, A.; Calvillo-Argüelles, O.; Billia, F.; Luk, A. Cardiovascular Collapse in COVID-19 Infection: The Role of
Venoarterial Extracorporeal Membrane Oxygenation (VA-ECMO). CJC Open 2020, 2, 273–277. [CrossRef] [PubMed]

14. Pavlushkov, E.; Berman, M.; Valchanov, K. Cannulation techniques for extracorporeal life support. Ann. Transl. Med. 2017, 5, 70.
[CrossRef] [PubMed]

15. Combes, A.; Schmidt, M.; Hodgson, C.L.; Fan, E.; Ferguson, N.D.; Fraser, F.J.; Jaber, S.; Pesenti, A.; Ranieri, M.; Rowan, K.;
et al. Extracorporeal life support for adults with acute respiratory distress syndrome. Intensive Care Med. 2020, 46, 2464–2476.
[CrossRef] [PubMed]

16. Maciejewski, D.; Wojnar-Gruszka, K. Wentylacja Mechaniczna—Teoria i Praktyka; Alfa Medica Press: Bielsko-Biała, Poland, 2016;
pp. 311–312. (In Polish)

17. Palmér, O.; Palmér, K.; Hultman, J.; Broman, M. Cannula Design and Recirculation During Venovenous Extracorporeal Membrane
Oxygenation. ASAIO J. 2016, 62, 737–742. [CrossRef] [PubMed]

18. Sidebotham, D.; Allen, S.J.; McGeorge, A.; Ibbott, N.; Willcox, T. Venovenous Extracorporeal Membrane Oxygenation in Adults:
Practical Aspects of Circuits, Cannulae, and Procedures. J. Cardiothorac. Vasc. Anesthesia 2012, 26, 893–909. [CrossRef]

19. Millar, J.E.; Fanning, J.P.; McDonald, C.I.; Fraser, J.F. The inflammatory response to extracorporeal membrane oxygenation
(ECMO): A review of the pathophysiology. Crit. Care 2016, 20, 387. [CrossRef]

20. Murphy, D.A.; Hockings, L.E.; Andrews, R.K.; Aubron, C.; Gardiner, E.E.; Pellegrino, V.A.; Davis, A.K. Extracorporeal membrane
oxygenation-hemostatic complications. Transfus. Med. Rev. 2015, 29, 90–101. [CrossRef]

21. Netley, J.; Roy, J.; Greenlee, J.; Hart, S.; Todt, M.; Statz, B. Bivalirudin Anticoagulation Dosing Protocol for Extracorporeal
Membrane Oxygenation: A Retrospective Review. J. Extra Corpor. Technol. 2018, 50, 161–166.

22. Chlebowski, M.M.; Baltagi, S.; Carlson, M.; Levy, J.H.; Spinella, P.C. Clinical controversies in anticoagulation monitoring and
antithrombin supplementation for ECMO. Crit. Care 2020, 24, 19. [CrossRef]

23. Olson, S.R.; Murphree, C.R.; Zonies, D.; Meyer, A.D.; Mccarty, O.J.T.; Deloughery, T.G.; Shatzel, J.J. Thrombosis and Bleeding in
Extracorporeal Membrane Oxygenation (ECMO) Without Anticoagulation: A Systematic Review. ASAIO J. 2020. [CrossRef]
[PubMed]

24. Morales-Quinteros, L.; Del Sorbo, L.; Artigas, A. Extracorporeal carbon dioxide removal for acute hypercapnic respiratory failure.
Ann. Intensive Care. 2019, 9, 79. [CrossRef] [PubMed]

25. Spinelli, E.; Bartlett, R.H. Relationship between hemoglobin concentration and extracorporeal blood flow as determinants of
oxygen delivery during venovenous extracorporeal membrane oxygenation: A mathematical model. ASAIO J. 2014, 60, 688–693.
[CrossRef] [PubMed]

26. Crowell, J.W.; Smith, E.E. Determinant of the optimal hematocrit. J. Appl. Physiol. 1967, 22, 501–504. [CrossRef]
27. Spinelli, E.; Bartlett, R.H. Anemia and Transfusion in Critical Care: Physiology and Management. J. Intensive Care Med. 2016,

31, 295–306. [CrossRef]
28. Abrams, D.; Javidfar, J.; Farrand, E.; Mongero, L.B.; Agerstrand, C.L.; Ryan, P.; Zemmel, D.; Galuskin, C.; Morrone, T.M.; Boerem,

P.; et al. Early mobilization of patients receiving extracorporeal membrane oxygenation: A retrospective cohort study. Crit. Care
2014, 18, 38. [CrossRef]

29. Balas, M.C.; Burke, W.J.; Gannon, D.; Cohen, M.Z.; Colburn, L.; Bevil, C.; Franz, D.; Olsen, K.M.; Ely, E.W.; Vasilevskis, E.E.
Implementing the awakening and breathing coordination, delirium monitoring/management, and early exercise/mobility

http://doi.org/10.1001/jama.2009.1535
http://www.ncbi.nlm.nih.gov/pubmed/19822628
http://doi.org/10.1186/s13613-017-0350-x
http://www.ncbi.nlm.nih.gov/pubmed/29330690
http://doi.org/10.1001/jama.1979.03300200023016
http://doi.org/10.1183/09031936.03.00420103
http://doi.org/10.1186/cc13702
http://doi.org/10.1186/s13054-020-03240-7
http://doi.org/10.1016/S2213-2600(20)30361-1
http://doi.org/10.1016/j.cjco.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32363334
http://doi.org/10.21037/atm.2016.11.47
http://www.ncbi.nlm.nih.gov/pubmed/28275615
http://doi.org/10.1007/s00134-020-06290-1
http://www.ncbi.nlm.nih.gov/pubmed/33140180
http://doi.org/10.1097/MAT.0000000000000440
http://www.ncbi.nlm.nih.gov/pubmed/27660904
http://doi.org/10.1053/j.jvca.2012.02.001
http://doi.org/10.1186/s13054-016-1570-4
http://doi.org/10.1016/j.tmrv.2014.12.001
http://doi.org/10.1186/s13054-020-2726-9
http://doi.org/10.1097/MAT.0000000000001230
http://www.ncbi.nlm.nih.gov/pubmed/32740123
http://doi.org/10.1186/s13613-019-0551-6
http://www.ncbi.nlm.nih.gov/pubmed/31267300
http://doi.org/10.1097/MAT.0000000000000125
http://www.ncbi.nlm.nih.gov/pubmed/25238501
http://doi.org/10.1152/jappl.1967.22.3.501
http://doi.org/10.1177/0885066615571901
http://doi.org/10.1186/cc13746


Int. J. Environ. Res. Public Health 2021, 18, 1173 11 of 12

bundle into everyday care: Opportunities, challenges, and lessons learned for implementing the ICU Pain, Agitation, and
Delirium Guidelines. Crit. Care Med. 2013, 41, 116–127. [CrossRef]

30. Langer, T.; Santini, A.; Bottino, N.; Crotti, S.; Batchinsky, A.I.; Pesenti, A.; Gattinoni, L. “Awake” extracorporeal membrane
oxygenation (ECMO): Pathophysiology, technical considerations, and clinical pioneering. Crit. Care 2016, 20, 150. [CrossRef]

31. Lango, R.; Szkulmowski, Z.; Maciejewski, D.; Sosnowski, A.; Kusza, K. Updated protocol of treatment in patients requiring extra-
corporeal membrane oxygenation (ECMO) in the treatment of acute respiratory failure of adults, recommendations and guidelines
of the ECMO Venous and Compassionate Therapy team, established by national consultant in the field of anaesthesiology and
intensive care in February 2016. Anaesth. Intens. Ther. 2017, 49, 92–104. (In Polish)

32. Shekar, K.; Badulak, J.; Peek, G.; Boeken, U.; Dalton, H.J.; Arora, L.; Zakhary, B.; Ramanathan, K.; Starr, J.; Akkanti, B.; et al.
Extracorporeal Life Support Organization COVID-19 Interim Guidelines. ASAIO J. 2020, 29, 10.

33. MacLaren, G. When to initiate ECMO with low likelihood of success. Crit. Care 2018, 22, 217. [CrossRef] [PubMed]
34. Murray, J.F.; Matthay, M.A.; Luce, J.M.; Flick, M.R. An Expanded Definition of the Adult Respiratory Distress Syndrome. Am. Rev.

Respir. Dis. 1988, 138, 720–723. [CrossRef] [PubMed]
35. Na, S.J.; Chung, C.R.; Choi, H.J.; Cho, Y.H.; Sung, K.; Yang, J.H.; Young, G.; Jeon, K. The effect of multidisciplinary extracorporeal

membrane oxygenation team on clinical outcomes in patients with severe acute respiratory failure. Ann. Intens. Care. 2018, 8, 31.
[CrossRef] [PubMed]

36. Ramanathan, K.; Antognini, D.; Combes, A.; Paden, M.; Zackary, B.; Ogino, M.; MacLaren, G.; Brodie, D.; Shekar, K. Planning
and provision of ECMO services for severe ARDS during the COVID-19 pandemic and other outbreaks of emerging infectious
diseases. Lancet Respir. Med. 2020, 8, 518–526. [CrossRef]

37. Rozencwajg, S.; Pilcher, D.; Combes, A.; Schmidt, M. Outcomes and survival prediction models for severe adult acute respiratory
distress syndrome treated with extracorporeal membrane oxygenation. Crit. Care 2016, 20, 392. [CrossRef] [PubMed]

38. Schmidt, M.; Zogheib, E.; Rozé, H.; Repesse, X.; Lebreton, G.; Luyt, C.E.; Trouillet, J.L.; Bréchot, N.; Nieszkowska, A.; Dupont, H.;
et al. The PRESERVE mortality risk score and analysis of long-term outcomes after extracorporeal membrane oxygenation for
severe acute respiratory distress syndrome. Intensive Care Med. 2013, 39, 1704–1713. [CrossRef]

39. Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. China Medical Treatment
Expert Group for Covid-19. Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720.
[CrossRef]

40. Zeng, Y.; Zhang, B.; Zhang, X.; Yi, C. Clinical characteristics of 9 cancer patients with SARS-CoV-2 infection. Chin. Med. 2020,
15, 47. [CrossRef]

41. Han, Y.; Zhang, H.; Mu, S.; Wei, W.; Jin, C.; Tong, C.; Song, Z.; Zha, Y.; Xue, Y.; Gu, G. Lactate dehydrogenase, an independent risk
factor of severe COVID-19 patients: A retrospective and observational study. Aging 2020, 12, 11245–11258. [CrossRef]

42. Gattinoni, L.; Chiumello, D.; Caironi, P.; Busana, M.; Romitti, F.; Brazzi, L.; Camporota, L. COVID-19 pneumonia: Different
respiratory treatments for different phenotypes? Intensive Care Med. 2020, 46, 1099–1102. [CrossRef]

43. Hussain, A.; Mahawar, K.; Xia, Z.; Yang, W.; El-Hasani, S. RETRACTED: Obesity and mortality of COVID-19. Meta-analysis.
Obes. Res. Clin. Pr. 2020, 14, 295–300. [CrossRef] [PubMed]

44. Goligher, E.C.; Tomlinson, G.; Hajage, D.; Wijeysundera, D.N.; Fan, E.; Jüni, P.; Brodie, D.; Slutsky, A.S.; Combes, A. Extracorporeal
Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome and Posterior Probability of Mortality Benefit in a Post
Hoc Bayesian Analysis of a Randomized Clinical Trial. JAMA 2018, 320, 2251–2259. [CrossRef] [PubMed]

45. Combes, A.; Peek, G.J.; Hajage, D.; Hardy, P.; Abrams, D.; Schmidt, A.; Dechartres, A.; Elbourne, D. ECMO for severe ARDS:
Systematic review and individual patient data meta-analysis. Intensive Care Med. 2020, 46, 2048–2057. [CrossRef] [PubMed]

46. Wiedemann, D.; Bernardi, M.H.; Distelmaier, K.; Goliasch, G.; Hengstenberg, C.; Hermann, A.; Holzer, M.; Hoetzenecker, K.;
Klepetko, W.; Lang, G.; et al. Recommendations for extracorporeal membrane oxygenation (ECMO) in COVID-19 patients.
Wien Klin Wochenschr. 2020, 132, 671–676. [CrossRef] [PubMed]

47. Liu, J.; Dong, Y.-Q.; Yin, J.; He, G. Critically ill patients with COVID-19 with ECMO and artificial liver plasma exchange: A
retrospective study. Medicine 2020, 99, 21012. [CrossRef] [PubMed]

48. Osho, A.A.; Moonsamy, P.; Hibbert, K.A.; Shelton, K.T.; Trahanas, J.M.; Attia, R.Q.; Bloom, J.P.; Onwugbufor, M.T.; D’Alessandro,
D.A.; Villavicencio, M.A.; et al. Veno-venous Extracorporeal Membrane Oxygenation for Respiratory Failure in COVID-19
Patients: Early Experience from a Major Academic Medical Center in North America. Ann. Surg. 2020, 272, 75–78. [CrossRef]

49. Beyls, C.; Huette, P.; Abou-Arab, O.; Berna, P.; Mahjoub, Y. Extracorporeal membrane oxygenation for COVID-19-associated
severe acute respiratory distress syndrome and risk of thrombosis. Br. J. Anaesth. 2020, 125, e260–e262. [CrossRef]

50. Schmidt, M.; Hajage, D.; Lebreton, G.; Monsel, A.; Voiriot, G.; Levy, D.; Baron, E.; Beurton, A.; Chommeloux, J.; Meng, P.; et al.
Groupe de Recherche Clinique en REanimation et Soins intensifs du Patient en Insuffisance Respiratoire aiguE (GRC-RESPIRE)
Sorbonne Université; Paris-Sorbonne ECMO-COVID investigators. Extracorporeal membrane oxygenation for severe acute
respiratory distress syndrome associated with COVID-19: A retrospective cohort study. Lancet Respir. Med. 2020, 8, 1121–1131.

51. Falcoz, P.E.; Monnier, A.; Puyraveau, M.; Perrier, S.; Ludes, P.O.; Olland, A.; Mertes, P.M.; Schneider, F.; Helms, J.; Meziani, F.
Extracorporeal Membrane Oxygenation for Critically Ill Patients with COVID-19-related Acute Respiratory Distress Syndrome:
Worth the Effort? Am. J. Respir. Crit. Care Med. 2020, 202, 460–463. [CrossRef]

http://doi.org/10.1097/CCM.0b013e3182a17064
http://doi.org/10.1186/s13054-016-1329-y
http://doi.org/10.1186/s13054-018-2162-2
http://www.ncbi.nlm.nih.gov/pubmed/30231907
http://doi.org/10.1164/ajrccm/138.3.720
http://www.ncbi.nlm.nih.gov/pubmed/3202424
http://doi.org/10.1186/s13613-018-0375-9
http://www.ncbi.nlm.nih.gov/pubmed/29484504
http://doi.org/10.1016/S2213-2600(20)30121-1
http://doi.org/10.1186/s13054-016-1568-y
http://www.ncbi.nlm.nih.gov/pubmed/27919283
http://doi.org/10.1007/s00134-013-3037-2
http://doi.org/10.1056/NEJMoa2002032
http://doi.org/10.1186/s13020-020-00328-8
http://doi.org/10.18632/aging.103372
http://doi.org/10.1007/s00134-020-06033-2
http://doi.org/10.1016/j.orcp.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32660813
http://doi.org/10.1001/jama.2018.14276
http://www.ncbi.nlm.nih.gov/pubmed/30347031
http://doi.org/10.1007/s00134-020-06248-3
http://www.ncbi.nlm.nih.gov/pubmed/33021684
http://doi.org/10.1007/s00508-020-01708-8
http://www.ncbi.nlm.nih.gov/pubmed/32621065
http://doi.org/10.1097/MD.0000000000021012
http://www.ncbi.nlm.nih.gov/pubmed/32590819
http://doi.org/10.1097/SLA.0000000000004084
http://doi.org/10.1016/j.bja.2020.04.079
http://doi.org/10.1164/rccm.202004-1370LE


Int. J. Environ. Res. Public Health 2021, 18, 1173 12 of 12

52. Sultan, I.; Habertheuer, A.; Usman, A.A.; Kilic, A.; Gnall, E.; Friscia, M.E.; Zubkus, D.; Hirose, H.; Sanchez, P.; Okusanya, O.; et al.
The role of extracorporeal life support for patients with COVID-19: Preliminary results from a statewide experience. J. Card. Surg.
2020, 35, 1410–1413. [CrossRef]

53. Mustafa, A.K.; Alexander, P.J.; Joshi, D.J.; Tabachnick, D.R.; Cross, C.A.; Pappas, P.S.; Tatooles, A.J. Extracorporeal Membrane
Oxygenation for Patients With COVID-19 in Severe Respiratory Failure. JAMA Surg. 2020, 155, 990–992. [CrossRef] [PubMed]

54. Barbaro, R.P.; MacLaren, G.; Boonstra, P.S.; Iwashyna, T.J.; Slutsky, A.S.; Fan, E.; Bartlett, R.H.; Tonna, J.E.; Hyslop, R.; Fanning, J.J.;
et al. Extracorporeal Life Support Organization. Extracorporeal membrane oxygenation support in COVID-19: An international
cohort study of the Extracorporeal Life Support Organization registry. Lancet 2020, 396, 1071–1078. [CrossRef]

55. Schmidt, M.; Pham, T.; Arcadipane, A.; Agerstrand, C.; Ohshimo, S.; Pellegrino, V.; Vuylsteke, A.; Guervilly, C.; McGuinness, S.;
Pierard, S.; et al. Mechanical Ventilation Management during Extracorporeal Membrane Oxygenation for Acute Respiratory
Distress Syndrome. An International Multicenter Prospective Cohort. Am. J. Respir. Crit. Care Med. 2019, 200, 1002–1012.
[CrossRef] [PubMed]

56. Chiumello, D.; Busana, M.; Coppola, S.; Romitti, F.; Formenti, P.; Bonifazi, M.; Pozzi, T.; Palumbo, M.M.; Cressoni, M.; Herrmann,
P.; et al. Physiological and quantitative CT-scan characterization of COVID-19 and typical ARDS: A matched cohort study.
Intensive Care Med. 2020, 46, 2187–2196. [CrossRef]

57. Desborough, M.J.R.; Doyle, A.J.; Griffiths, A.; Retter, A.; Breen, K.A.; Hunt, B.J. Image-proven thromboembolism in patients with
severe COVID-19 in a tertiary critical care unit in the United Kingdom. Thromb. Res. 2020, 193, 1–4. [CrossRef]

58. Ciceri, F.; Beretta, L.; Scandroglio, A.M.; Colombo, S.; Landoni, G.; Ruggeri, A.; Peccatori, J.; D’Angelo, A.; De Cobelli, F.;
Rovere-Querini, P.; et al. Microvascular COVID-19 lung vessels obstructive thromboinflammatory syndrome (MicroCLOTS): An
atypical acute respiratory distress syndrome working hypothesis. Crit. Care Resusc. 2020, 22, 95–97.

59. Fan, E.; Beitler, J.R.; Brochard, L.; Calfee, C.S.; Ferguson, N.D.; Slutsky, A.S.; Brodie, D. COVID-19-associated acute respiratory
distress syndrome: Is a different approach to management warranted? Lancet Respir. Med. 2020, 8, 816–821. [CrossRef]

60. Zhang, Y.; Xiao, M.; Zhang, S.; Xia, P.; Cao, W.; Jiang, W.; Chen, H.; Ding, X.; Zhao, H.; Zhang, H.; et al. Coagulopathy and
Antiphospholipid Antibodies in Patients with Covid-19. N. Engl. J. Med. 2020, 382, 38. [CrossRef]

61. Christensen, B.; Favaloro, E.J.; Lippi, G.; Van Cott, E.M. Hematology Laboratory Abnormalities in Patients with Coronavirus
Disease 2019 (COVID-19). Semin. Thromb. Hemost. 2020, 46, 845–849. [CrossRef]

62. Robba, C.; Battaglini, D.; Ball, L.; Patroniti, N.; Loconte, M.; Brunetti, I.; Vena, A.; Giacobbe, D.; Bassetti, N.; Rocco, P.; et al.
Distinct phenotypes require distinct respiratory management strategies in severe COVID-19. Respir. Physiol. Neurobiol. 2020,
279, 103455. [CrossRef]

63. Lumb, A.B.; Nunn, J.F. Nunn’s Applied Respiratory Physiology; Elsevier: Amsterdam, The Netherlands, 2010.
64. Morales-Quinteros, L.; Camprubí-Rimblas, M.; Bringué, J.; Bos, L.D.; Schultz, M.J.; Artigas, A. The role of hypercapnia in acute

respiratory failure. Intensive Care Med. Exp. 2019, 7, 39. [CrossRef] [PubMed]
65. Grasselli, G.; Tonetti, T.; Protti, A.; Langer, T.; Girardis, M.; Bellani, G.; Laffey, J.; Carrafiello, G.; Carsana, L.; Rizzuto, C.; et al.

Pathophysiology of COVID-19-associated acute respiratory distress syndrome: A multicentre prospective observational study.
Lancet Respir. Med. 2020, 8, 1201–1208. [CrossRef]

66. Paranjpe, I.; Fuster, V.; Lala, A.; Russak, A.J.; Glicksberg, B.S.; Levin, M.A.; Charney, A.W.; Narula, J.; Fayad, Z.A.; Bagiella, E.;
et al. Association of Treatment Dose Anticoagulation with In-Hospital Survival Among Hospitalized Patients With COVID-19.
J. Am. Coll. Cardiol. 2020, 76, 122–124. [CrossRef] [PubMed]

67. Helms, J.; Tacquard, C.; Severac, F.; Leonard-Lorant, I.; Ohana, M.; Delabranche, X.; Merdji, H.; Clere-Jehl, R.; Schenck, M.; Fagot
Gandet, F.; et al. CRICS TRIGGERSEP Group (Clinical Research in Intensive Care and Sepsis Trial Group for Global Evaluation
and Research in Sepsis). High risk of thrombosis in patients with severe SARS-CoV-2 infection: A multicenter prospective cohort
study. Intensive Care Med. 2020, 46, 1089–1098. [CrossRef] [PubMed]

68. Rieder, M.; Wengenmayer, T.; Staudacher, D.; Duerschmied, D.; Supady, A. Cytokine adsorption in patients with severe COVID-19
pneumonia requiring extracorporeal membrane oxygenation. Crit. Care 2020, 24, 435. [CrossRef] [PubMed]

69. Qin, C.; Zhou, L.; Hu, Z.; Zhang, S.; Yang, S.; Tao, Y.; Xie, C.; Ma, K.; Shang, K.; Wang, W.; et al. Dysregulation of Immune
Response in Patients with Coronavirus 2019 (COVID-19) in Wuhan. China Clin. Infect. Dis. 2020, 71, 762–768. [CrossRef] [PubMed]

http://doi.org/10.1111/jocs.14583
http://doi.org/10.1001/jamasurg.2020.3950
http://www.ncbi.nlm.nih.gov/pubmed/32780089
http://doi.org/10.1016/S0140-6736(20)32008-0
http://doi.org/10.1164/rccm.201806-1094OC
http://www.ncbi.nlm.nih.gov/pubmed/31144997
http://doi.org/10.1007/s00134-020-06281-2
http://doi.org/10.1016/j.thromres.2020.05.049
http://doi.org/10.1016/S2213-2600(20)30304-0
http://doi.org/10.1056/NEJMc2007575
http://doi.org/10.1055/s-0040-1715458
http://doi.org/10.1016/j.resp.2020.103455
http://doi.org/10.1186/s40635-019-0239-0
http://www.ncbi.nlm.nih.gov/pubmed/31346806
http://doi.org/10.1016/S2213-2600(20)30370-2
http://doi.org/10.1016/j.jacc.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/32387623
http://doi.org/10.1007/s00134-020-06062-x
http://www.ncbi.nlm.nih.gov/pubmed/32367170
http://doi.org/10.1186/s13054-020-03130-y
http://www.ncbi.nlm.nih.gov/pubmed/32664996
http://doi.org/10.1093/cid/ciaa248
http://www.ncbi.nlm.nih.gov/pubmed/32161940

	Introduction 
	A Few Words about the Procedure 
	What Are the Indications and Contraindications for VV-ECMO? 
	VV-ECMO Efficacy: Glimpse of the Recent Past 
	Is There a Place for VV-ECMO in the Times of the COVID-19 Pandemic? 
	Conclusions 
	References

