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Abstract

:

Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is used to sustain circulatory and respiratory support in patients with severe cardiogenic shock or refractory cardiac arrest. Although VA-ECMO allows adequate perfusion of end-organs, it may have detrimental effects on myocardial recovery. Hemodynamic consequences on the left ventricle, such as the increase of afterload, end-diastolic pressure and volume, can lead to left ventricular (LV) distention, increase of myocardial oxygen consumption and delayed LV function recovery. LV distention occurs in almost 50% of patients supported with VA-ECMO and is associated with an increase in morbidity and mortality. Thus, recognizing, preventing and treating LV distention is key in the management of these patients. In this review, we aim to discuss the pathophysiology of LV distention and to describe the strategies to unload the LV in patients supported with VA-ECMO.
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1. Introduction


The prognosis of cardiogenic shock is poor, with a mortality rate of almost 50%, even in specialized centers [1]. Mechanical support systems have been developed to try to improve outcomes of patients with cardiogenic shock by (a) providing circulatory support by increasing blood flow and mean arterial pressure and (b) reducing LV wall stress, stroke work and myocardial oxygen consumption by reducing ventricular pressure and volume. Extracorporeal membrane oxygenation (ECMO) was introduced in 1977 to support patients with severe respiratory failure and/or cardiogenic shock [2]. The extracorporeal circulation can supply oxygenated blood to organs, thereby preserving their function. It also enhances coronary blood flow and reduces the time taken for the restoration of circulation in patients with cardiac arrest [3].



However, ECMO has device-related disadvantages such as hemolysis, coagulation disorders and limited device durability. Furthermore, the efficacy of ECMO has been questioned with respect to the mechano-energetic status of the heart [4,5]. Indeed, while peripheral veno-arterial (VA)-ECMO can effectively provide circulatory support, it does not completely unload the LV in patients with severe LV dysfunction [4]. This may result in LV distention in certain circumstances and may require adjuvant strategies for LV unloading. In this review, we aim to discuss the pathophysiology of LV distention and to describe the strategies to unload the LV in patients supported with VA-ECMO.




2. Mechanisms of LV Distention


In peripheral VA-ECMO, deoxygenated blood is drained from the right atrium (through inferior or superior vena cava) and oxygenated blood is reinjected through a femoral, axillary, aortic or carotid arterial cannula. Blood in the ECMO circuit thereby bypasses the right ventricle (RV), the pulmonary circulation, the left atrium (LA) and the LV.



This setting provides a non-physiological retrograde blood flow leading to significant hemodynamic changes. The main adverse effects of ECMO on a failing heart are increased LV wall stress caused by increased afterload and/or insufficient blood drainage [5]. The decrease in transpulmonary blood flow reduces LV preload, but the retrograde blood flow in the aorta also increases the mean arterial pressure and the LV afterload. This significantly increases myocardial oxygen consumption. In the presence of severe LV dysfunction, the left ventricle cannot sustain such an increase in afterload resulting in a dramatic fall in LV stroke volume. In patients with profound impairment of myocardial contractility, the left ventricle may even completely stop ejecting. If the venous return of the patient exceeds the extracorporeal blood flow, some venous blood enters the RV, which ejects it through the pulmonary circulation and contributes to LA and LV filling. Other sources of blood return in the LV are pulmonary arteriovenous shunts, aortic regurgitation, the bronchial circulation, and the Thebesian veins. Despite adequate venous drainage with VA-ECMO, there is usually some blood flow through the pulmonary vascular bed and some blood return in the LA. In this context, both LV end-diastolic volume and pressure may progressively increase if there is no ejection. The pulmonary capillary wedge pressure (PCWP) increases, leading to pulmonary congestion. Furthermore, the LV distention increases LV wall tension and may compromise subendocardial coronary perfusion, further impairing LV performance. Finally, the combination of poor LV contractility and reduced or absent aortic valve opening in systole, may cause severe blood stasis in the LV and promote thrombus formation (Table 1) [6,7,8]. It remains to be determined whether the adverse consequences of VA-ECMO are less pronounced with a central cannulation (right atrium-ascending aorta), because of a more physiological antegrade flow in the aorta.




3. Monitoring and How to Recognize LV Distention and Pulmonary Congestion in Patients with VA-ECMO


Risk factors for LV distention may include the underlying etiology of cardiogenic shock (myocarditis, post-cardiotomy, ischemic), the degree of myocardial dysfunction (need for cardiopulmonary resuscitation), low arterial pulsatility, aortic regurgitation, high mean arterial pressure, poor venous drainage, or pulmonary edema at the time of ECMO initiation. The gold standard to diagnose LV distention is the direct measurement of end-diastolic LV pressure, but it is seldom available outside of the operating room or the catherization lab. A pigtail can be inserted in the LV through peripheral arterial access to directly measure the LV filling pressure.



Because this is rarely performed, clinicians need to rely on indirect signs or surrogates of LV distention. Overt pulmonary edema is the end-stage of LV distention and is usually easy to diagnose. Clinicians taking care of ECMO patients should be aware of more subtle clinical, radiological and echocardiographic signs of early LV distention. Reduced systemic arterial pressure pulsatility, for instance, may reflect the onset of LV distention. A pulse pressure below 10 mmHg is usually considered worrisome. The use of pulmonary artery catheters in patients on VA-ECMO patients offers a convenient way to monitor this phenomenon. Indeed, the progressive rise in pulmonary artery diastolic and wedge pressure should lead the clinician to suspect progressive LV distention and prompt the timely performance of echocardiography to confirm LV distention.



Echocardiographic findings of LV distention include increased LV end-diastolic diameter, increased E/E’ ratio, spontaneous echocontrast (“smoke”) or thrombus in the LV, and intermittent or absent opening of the aortic valve. Other signs of LV distention include: (a) evidence of pulmonary edema; (b) elevated LV filling pressures; (c) refractory ventricular arrhythmias; and (d) stagnant contrast in the pulmonary arteries on computed tomography or conventional angiography [9]. Patients with florid pulmonary edema, ventricular arrhythmia or evidence of complete stagnation of blood in the LV have clinically significant LV distention. This generally prompts immediate consideration for mechanical interventions to decompress the LV. More subtle signs of pulmonary edema on chest X-ray in combination with evidence of increased LV filling pressures may be categorized as subclinical LV distention. Chest ultrasound is also a useful tool to assess interstitial edema, pulmonary consolidation, or pleural effusions.




4. Therapeutic Strategies for LV Distention


LV unloading strategies can be passive or active. Passive LV unloading strategies include the use of inotropes, intra-aortic balloon pump, and atrial septostomy to lower LV preload and/or afterload. Active LV unloading generally refers to the direct suction of blood from the left-sided cavities through surgically or percutaneously inserted cannulas. The choice of LV unloading strategy should be guided by individual patient characteristics, taking into account center and physician experience. Some interventions like inotropic support, fluid restriction, diuresis and ultrafiltration may be effective [10,11], but may not suffice in some patients where more invasive interventions may be needed. We will review the different methods for LV decompression (Table 2) and the evidence that supports their use (Table 3).



4.1. Inotropic Support and Volemic Status Optimization


These are simple first-tier strategies designed to avoid LV distention and to promote LV ejection. Generally speaking, ECMO pump should be set to target the minimal extracorporeal blood flow required to maintain adequate organ perfusion. Similarly, the minimal MAP allowing adequate organ perfusion should be targeted to minimize LV afterload (usually between 60 and 75 mmHg). Finally, one should aim to keep the patient at the minimal volemic status, allowing adequate ECMO flow with inlet pressures below −100 mmHg and without drainage line chatter. This is to reduce LV preload as much as possible. After the initial 24–48 h, fluid removal is usually necessary, with diuretics or ultrafiltration. Clinicians should be aware that improper drainage cannula position may also lead to unnecessary fluid administration. Repositioning the cannula in that context may help avoid an unnecessary early fluid creep. If LV distention occurs despite these initial measures, low dose inotropic therapy can be considered with the objective of restoring minimal contractility, aortic valve opening and LV ejection. This has to be balanced against the increased myocardial oxygen demand, the change in peripheral vascular tone and the arrhythmic risk of inotropic therapy.




4.2. Intra-Aortic Balloon Pump


The intra-aortic balloon pump (IABP) is used in ECMO patients to reduce afterload via a “Venturi” effect, to promote aortic valve opening and prevent LV thrombosis. The use of IABP reduces central venous pressure, PCWP and pulmonary edema on chest X-ray [12,13]. In patients without VA-ECMO, the IABP augments coronary, cerebral and visceral blood flow. On peripheral VA-ECMO, however, by interrupting retrograde flow in the aorta during diastole, the IABP could compromise cerebral and spinal cord perfusion [14,15,16,17]. The use of IABP with VA-ECMO has shown conflicting results, some studies reporting improved survival with the use of IABP in combination with ECMO [18,19,20], while others report no difference with or without IABP [21]. However, three recent independent meta-analyses, by Russo [22], Kowalewski [23], and Al-Fares [24], demonstrated that the use of IABP was associated with improved survival in patients supported with ECMO. It has been demonstrated to be useful in all VA-ECMO indications, including post-cardiotomy and refractory cardiac arrest [18,19], mainly by reducing pulmonary congestion and PCWP, and by increasing ECMO weaning [18,21]. The main advantages of the IABP are its low cost, the familiarity and simplicity of its use, the short term and ease of insertion at the bedside, and its low complication rate. Insertion of an IABP should be considered in patients with regular rhythm and cardiogenic shock due to myocardial infarction or post-cardiotomy shock after cardiac surgery due to its effects on coronary and graft blood flow [14]. The IABP is usually inserted through a femoral artery, the one contralateral to the femoral arterial return cannula in patients on a femoro-femoral configuration. The IABP is an effective and easy way to prevent LV distention and lung congestion if inserted before or at the same time as the ECMO. If LV distention is already installed and pulmonary edema is present, the IABP might be insufficient to reverse the process.




4.3. Balloon Atrial Septostomy


Using a trans-septal puncture, an iatrogenic left-to-right shunt can be created, allowing blood aspiration by the venous cannula placed in RA and consequent LA decompression. Atrial septostomy has been shown to reduce inotropic support and facilitate weaning from ECMO. The complication rate of this technique is around 10%. The resulting LA pressure drop is 15 mmHg on average [25]. Alhussein et al. reported a reduction in the need for inotropic support, a 71% improvement in LV function and 70% of successful ECMO weaning in an adult population [26]. Similar results have been reported in children [27]. Several brief reports with excellent results have been published [28,29,30]. The size of the shunt should be discussed during the atrial septostomy, with progressive dilatation from 1 to 2 cm as a fully vented LV can lead to a cul-de-sac effect with potential non ejecting LV and apical thrombosis. A progressive dilatation, with transesophageal echocardiography monitoring of the trans-septal gradient leads to adequate unloading without complete shunting of the left atrial return to the right atrium. Definitive closure of the shunt is feasible after patient recovery either by surgical or percutaneous approach [31,32]. The atrial septum defect needs to be closed at the time of LVAD or total artificial heart implantation.




4.4. Impella


Impella (AbioMed, Danvers, MA, USA) is a nonpulsatile axial flow pump that is placed through the aortic valve, pumping blood from the LV into the ascending aorta. Importantly, unlike IABP therapy, Impella does not require ECG or pressure triggering, facilitating stability even in the setting of arrhythmias or electromechanical dissociation. There are three versions available: LP 2.5 and 5.0 that can deliver 2.5 L/min and 5 L/min of cardiac output, respectively and CP that can deliver 3.5 L/min of cardiac output. Impella LP 5.0 needs to be inserted by surgical cut down (22 Fr sheath), whereas the other devices can be inserted percutaneously in a catheterization lab. Severe aortic valve calcification or insufficiency contra-indicate its use because of the risk of embolization in stenosis and the futile recirculation in the regurgitant valve. First successfully used in a patient with fulminant myocarditis [33], the use of the Impella device has since greatly increased. It may be used to treat LV distention because it decreases LV diastolic diameter and pressure, as well as the PCWP. It also increases global systemic blood flow and reduces LV stasis on echocardiography and improves the imbalance between O2 consumption and delivery [34,35]. It also has favourable effects on pulmonary congestion and right ventricular performance [34,36]. In a recent large retrospective study, the use of Impella in combination with ECMO in patients with refractory cardiogenic shock was associated with a decreased mortality as compared to ECMO alone (47% vs. 80%, respectively) [37]. This strategy allowed successful bridging to recovery or next therapy (68% vs. 28%, respectively). The bleeding rate was similar between groups, but increased hemolysis and increased duration of mechanical ventilation were noted in the Impella group, perhaps due to survival bias. A recent study where VA-ECMO was used with Impella demonstrated that mortality remains high but below risk score predictions [38]. More recently, Schrage et al. showed in a matched retrospective study of 510 patients that the use of Impella plus VA-ECMO vs. VA-ECMO alone decreased the probability of death, despite increasing some complications such as bleeding, hemolysis, ischemic complications and renal replacement therapy [39]. In this group of patients, those who benefited the most were those who had the Impella implanted early.



In patients with severe LV distention or pulmonary edema refractory to IABP, direct aspiration of blood from the LV with Impella can reduce LV distention, reduce O2 imbalance, improve right ventricular performance and reduce pulmonary pressures [34,35,36], leading to a higher rate of recovery, bridging and survival [37]. In addition, since patients on ECMO require very minimal drainage from their LV, the smaller percutaneously inserted versions of the Impella can be used. Finally, when VA-ECMO cannot be weaned off because of persistent left ventricular dysfunction, the Impella can be used to downgrade the mechanical circulatory support as an LVAD. Although experience with the device has increased, the availability and cost of the device limits its use in this context. This strategy also allows better assessment of the right ventricular function before considering durable LVAD implantation.



Using an Impella device or other temporary LVADs alone can be done to provide both circulatory support and LV decompression without the need for ECMO. This, however, is not suitable for all patients as VA-ECMO is the only modality providing complete heart-lung support with high systemic flows, as well as blood oxygenation and decarboxylation. The optimal choice between these modalities in patients with isolated LV dysfunction is debated and should be tailored to individual patient needs while taking into account the context (urgent vs. semi-elective), center experience, and costs.




4.5. Surgical Decompression Cannula


Unloading the LV can be achieved by placing a drainage cannula in any part of the right to left circulation: the pulmonary artery, the LA or the LV itself. Various techniques have been described for LA or LV decompression, including percutaneous [40] and surgical ones. Surgical approaches carry a significant bleeding risk and are more often used when patients are centrally cannulated. Various surgical techniques have been described, including direct LA or pulmonary venous drainage (sternotomy or thoracotomy), left anterior mini-thoracotomy to cannulate the LA through the third or fourth intercostal space [41], or direct LV vent placement through left mini-thoracotomy with trans-apical off-pump insertion [42], a minimally invasive by sub-xiphoidal approach [43], axillary [44] or femoral approach [45]. Tepper and colleagues compared direct LV unloading with connection with the venous circuit of ECMO versus Impella (N = 45) and found similar mortality but a better reduction in pulmonary diastolic pressure in the direct LV vent group [46]. In general, the ideal option will depend on patients’ comorbidities, available vascular accesses and clinical status. When central ECMO is used for post-cardiotomy shock, surgical cannulation of the right superior pulmonary vein can be easily achieved to drain the LA or LV. The cannula is then connected to the venous drainage limb of the circuit. This is the easiest and most direct LV venting strategy in the post-cardiotomy setting. Its accessibility, as well as its routine use during cardiac surgical procedures, make it a very reliable first-line option. The use of this approach has also been reported in children and in non post-cardiotomy shock with good outcomes [47,48]. Direct drainage of the pulmonary artery can also be performed intraoperatively when technical considerations contraindicate direct drainage of pulmonary veins. A pulmonary artery cannula could eventually be used to transition towards an isolated RVAD in patients with residual RV failure, but this is outside the scope of this review.




4.6. Percutaneous Decompression Cannula


In general, in patients on peripheral ECMO, percutaneous venting, whether transeptal or transpulmonary, is simpler and more convenient than surgical approaches. Recently, Na et al. described LA drainage through central venous access and trans-septal puncture, aspirating the contents of the atrium and taking it to the ECMO circuit [49]. They also showed that prophylactic insertion of the cannula into position compared to placement as needed has mortality benefits, although the sample was small. Also, prophylactic cannulation had a higher rate of successful bridging to heart transplantation or LVAD and improved survival rate. On the other hand, the rate of successful weaning from ECMO and duration of ECMO support were similar in both groups. Major complications of the LA septostomy cannula technique include cardiac perforation during the insertion and subsequent cannula dislodgement. Percutaneous transpulmonary venting can also be achieved by the insertion of a 10 to 15 French catheter via the right internal jugular vein into the pulmonary artery [50,51].





5. Discussion


Refractory cardiogenic shock has led to the use of ventricular assistance. In the acute setting, VA-ECMO is increasingly being used [52], as it quickly restores end-organ perfusion and allows more time for a therapeutic decision: recovery, bridging or heart transplantation. The management of patients on VA-ECMO is challenging because a variety of complications may occur. One important problem is that VA-ECMO increases LV afterload in patients with often already impaired LV function, causing reduced forward flow with blood stasis, LV distention, increased filling pressures, and pulmonary edema. Incidences of LV overload up to 70% have been described in patients on ECMO with potential detrimental effects on morbidity and mortality [37,53].



First-line treatments of LV distention include optimal management of the volume status and inotropes as an initial attempt to improve LV contraction and opening of the aortic valve. In general, a pulsatile arterial line tracing virtually rules out LV distention, because the heart has the strength to open the aortic valve and generate systolic and diastolic pressures, expelling some blood in each beat. Conversely, the loss of a pulsatile arterial line tracing or pulmonary edema should be viewed as an emergency and lead to a reassessment of the patient’s mechanical support configuration. This can be accomplished by echocardiography and/or LV catheterization, which may be performed at the bedside or in a cardiac catheterization lab with the insertion of a peripheral retrograde pigtail catheter into the LV cavity to document LV pressure. An elevated LV end-diastolic pressure is an indication to upgrade the venting strategy. We propose a decision algorithm for the management of this condition (Figure 1). We propose the use of inotropes and IABP as second line therapies if optimization of ECMO flows, vasoactive drugs and fluid therapies fail to improve the LV distention. If inotropes and IABP fail, more invasive active unloading therapies should be considered. In the presence of dynamic/functional MR secondary to LV distention, atrial septostomy or active left atrial drainage through a trans-septal cannula could be great choices as they can immediately decrease LV pressure both in systole and diastole. In the absence of mitral regurgitation, LA decompression can only decrease diastolic pressure, and only if the mitral valve opens in diastole. If LV diastolic pressure always exceeds LA pressure, the valve may not open and LA drainage may not be as efficient in decompressing the LV.



Intensivists, cardiologists and surgeons should collaborate to determine what type of physiology of extracorporeal circulation is present in every patient and use a stepwise approach to minimize complications and maximize benefit with this complex technology. A complete assessment of all parameters needs to be performed, including arterial pressure and its waveform, evidence of LV ejection, heart rate avoiding tachy or bradyarrhythmias, temperature, oxygen saturation and mechanical ventilation parameters according to the oxygen, acid-base analysis and volume and pressure status in the ventilator. In addition, daily echocardiograms for LV dimension measurements, assessment of aortic valve opening and the presence of thrombus are needed. Each case may need a different and individualized approach to LV decompression.



In conclusion, left ventricular decompression is commonly needed in patients with VA-ECMO due to its effect on afterload. Close monitoring pulmonary artery and systemic pressures (mean and pulse), echocardiography, and X-ray may help identify early signs of LV distention and prompt quick optimization of medical management, to avoid severe pulmonary edema and the need for invasive decompression strategies. Several strategies are currently available to ECMO teams when faced with a patient with LV distention. Definitive trials confirming the superiority of one decompression technique over another are unavailable. A single decompression strategy is likely not optimal for any center as different clinical scenarios may benefit from different options. Also, more data regarding hemodynamic, physiology and physiopathology on LV decompression methods are needed.







Author Contributions


Conceptualization, J.P.R.B., Y.L., P.E.N.; Methodology, J.P.R.B., Y.L., P.E.N.; Investigation, J.P.R.B., Y.L., K.S., Y.A.C., P.E.N.; Writing—original draft preparation, J.P.R.B., Y.L.; Writing—review and editing, K.S., Y.A.C., Y.L., P.E.N.; Supervision, Y.L., Y.A.C., P.E.N., K.S.; Project administration, Y.L., Y.A.C., P.E.N. 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.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wayangankar, S.A.; Bangalore, S.; McCoy, L.A.; Jneid, H.; Latif, F.; Karrowni, W.; Charitakis, K.; Feldman, D.N.; Dakik, H.A.; Mauri, L.; et al. Temporal Trends and Outcomes of Patients Undergoing Percutaneous Coronary Interventions for Cardiogenic Shock in the Setting of Acute Myocardial Infarction: A Report from the CathPCI Registry. JACC Cardiovasc. Interv. 2016, 9, 341–351. [Google Scholar] [CrossRef]

	



Bartlett, R.H.; Gazzaniga, A.B.; Fong, S.W.; Jefferies, M.R.; Roohk, H.V.; Haidu, N. Extracorporeal membrane oxygenator support for cardiopulmonary failure. Experience in 28 cases. J. Thorac. Cardiovasc. Surg. 1977, 73, 375–386. [Google Scholar] [CrossRef]

	



Martin, G.B.; Rivers, E.P.; Paradis, N.A.; Goetting, M.G.; Morris, D.C.; Nowak, R.M. Emergency department cardiopulmonary bypass in the treatment of human cardiac arrest. Chest 1998, 113, 743–751. [Google Scholar] [CrossRef]

	



Martin, G.R.; Short, B.L. Doppler echocardiographic evaluation of cardiac performance in infants on prolonged extracorporeal membrane oxygenation. Am. J. Cardiol. 1988, 62, 929–934. [Google Scholar] [CrossRef]

	



Bavaria, J.E.; Ratcliffe, M.B.; Gupta, K.B.; Wenger, R.K.; Bogen, D.K.; Edmunds, L.H., Jr. Changes in left ventricular systolic wall stress during biventricular circulatory assistance. Ann. Thorac. Surg. 1988, 45, 526–532. [Google Scholar] [CrossRef]

	



Burkhoff, D.; Sayer, G.; Doshi, D.; Uriel, N. Hemodynamics of mechanical circulatory support. J. Am. Coll. Cardiol. 2015, 66, 2663–2674. [Google Scholar] [CrossRef] [PubMed]

	



Donker, D.W.; Brodie, D.; Henriques, J.P.S.; Broomé, M. Left ventricular unloading during veno-arterial ECMO: A simulation study. ASAIO J. 2019, 65, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Roumy, A.; Liaudet, L.; Rusca, M.; Marcucci, C.; Kirsch, M. Pulmonary complications associated with veno-arterial extra-corporeal membrane oxygenation: A comprehensive review. Crit. Care 2020, 24, 212. [Google Scholar] [CrossRef]

	



Truby, L.K.; Takeda, K.; Mauro, C.; Yuzefpolskaya, M.; Garan, A.R.; Kirtane, A.J.; Topkara, V.K.; Abrams, D.; Brodie, D.; Colombo, P.C.; et al. Incidence and Implications of Left Ventricular Distention during Venoarterial Extracorporeal Membrane Oxygenation Support. ASAIO J. 2017, 63, 257–265. [Google Scholar] [CrossRef] [PubMed]

	



Kapur, N.K.; Zisa, D.C. Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) fails to solve the haemodynamic support equation in cardiogenic shock. EuroIntervention 2016, 11, 1337–1339. [Google Scholar] [CrossRef] [PubMed]

	



Rupprecht, L.; Florchinger, B.; Schopka, S.; Schmid, C.; Philipp, A.; Lunz, D.; Muller, T.; Camboni, D. Cardiac decompression on extracorporeal life support: A review and discussion of the literature. ASAIO J. 2013, 59, 547–553. [Google Scholar] [CrossRef] [PubMed]

	



Bréchot, N.; Demondion, P.; Santi, F.; Lebreton, G.; Pham, T.; Dalakidis, A.; Gambotti, L.; Luyt, C.E.; Schmidt, M.; Hekimian, G.; et al. Intra-aortic balloon pump protects against hydrostatic pulmonary oedema during peripheral venoarterial-extracorporeal membrane oxygenation. Eur. Heart J. Acute Cardiovasc. Care 2018, 7, 62–69. [Google Scholar] [CrossRef]

	



Petroni, T.; Harrois, A.; Amour, J.; Lebreton, G.; Brechot, N.; Tanaka, S.; Luyt, C.E.; Trouillet, J.L.; Chastre, J.; Leprince, P.; et al. Intra-aortic balloon pump effects on macrocirculation and microcirculation in cardiogenic shock patients supported by venoarterial extracorporeal membrane oxygenation*. Crit. Care Med. 2014, 42, 2075–2082. [Google Scholar] [CrossRef]

	



Madershahian, N.; Wippermann, J.; Liakopoulos, O.; Wittwer, T.; Kuhn, E.; Er, F.; Hoppe, U.; Wahlers, T. The acute effect of IABP-induced pulsatility on coronary vascular resistance and graft flow in critical ill patients during ECMO. J. Cardiovasc. Surg. 2011, 52, 411–418. [Google Scholar]

	



Samadi, B.; Nguyen, D.; Rudham, S.; Barnett, Y. Spinal Cord Infarct during Concomitant Circulatory Support with Intra-Aortic Balloon Pump and Veno-Arterial Extracorporeal Membrane Oxygenation. Crit. Care Med. 2016, 44, e101–e105. [Google Scholar] [CrossRef] [PubMed]

	



Belohlavek, J.; Mlcek, M.; Huptych, M.; Svoboda, T.; Havranek, S.; Ost’adal, P.; Boucek, T.; Kovarnik, T.; Mlejnsky, F.; Mrazek, V.; et al. Coronary versus carotid blood flow and coronary perfusion pressure in a pig model of prolonged cardiac arrest treated by different modes of venoarterial ECMO and intraaortic balloon counterpulsation. Crit. Care 2012, 16, R50. [Google Scholar] [CrossRef]

	



Yang, F.; Jia, Z.; Xing, J.; Wang, Z.; Liu, Y.; Hao, X.; Jiang, C.J.; Wang, H.; Jia, M.; Hou, X.T. Effects of intra-aortic balloon pump on cerebral blood flow during peripheral venoarterial extracorporeal membrane oxygenation support. J. Transl. Med. 2014, 12, 106. [Google Scholar] [CrossRef] [PubMed]

	



Ro, S.K.; Kim, J.B.; Jung, S.H.; Choo, S.J.; Chung, C.H.; Lee, J.W. Extracorporeal life support for cardiogenic shock: Influence of concomitant intra-aortic balloon counterpulsation. Eur. J. Cardiothorac. Surg. 2014, 46, 186–192. [Google Scholar] [CrossRef] [PubMed]

	



Rastan, A.J.; Dege, A.; Mohr, M.; Doll, N.; Falk, V.; Walther, T.; Mohr, F.W. Early and late outcomes of 517 consecutive adult patients treated with extracorporeal membrane oxygenation for refractory postcardiotomy cardiogenic shock. J. Thorac. Cardiovasc. Surg. 2010, 139, 302–311.e1. [Google Scholar] [CrossRef]

	



Doll, N.; Kiaii, B.; Borger, M.; Bucerius, J.; Kramer, K.; Schmitt, D.V.; Walther, T.; Mohr, F.W. Five-year results of 219 consecutive patients treated with extracorporeal membrane oxygenation for refractory postoperative cardiogenic shock. Ann. Thorac. Surg. 2004, 77, 151–157. [Google Scholar] [CrossRef]

	



Cheng, R.; Hachamovitch, R.; Makkar, R.; Ramzy, D.; Moriguchi, J.D.; Arabia, F.A.; Esmailian, F.; Azarbal, B. Lack of Survival Benefit Found With Use of Intraaortic Balloon Pump in Extracorporeal Membrane Oxygenation: A Pooled Experience of 1517 Patients. J. Invasive Cardiol. 2015, 27, 453–458. [Google Scholar]

	



Russo, J.J.; Aleksova, N.; Pitcher, I.; Couture, E.; Parlow, S.; Faraz, M.; Visintini, S.; Simard, T.; Di Santo, P.; Mathew, R.; et al. Left Ventricular Unloading During Extracorporeal Membrane Oxygenation in Patients With Cardiogenic Shock. J. Am. Coll. Cardiol. 2019, 73, 654–662. [Google Scholar] [CrossRef]

	



Kowalewski, M.; Malvindi, P.G.; Zielinski, K.; Martucci, G.; Slomka, A.; Suwalski, P.; Lorusso, R.; Meani, P.; Arcadipane, A.; Pilato, M.; et al. Left Ventricle Unloading with Veno-Arterial Extracorporeal Membrane Oxygenation for Cardiogenic Shock. Systematic Review and Meta-Analysis. J. Clin. Med. 2020, 9, 1039. [Google Scholar] [CrossRef]

	



Al-Fares, A.A.; Randhawa, V.K.; Englesakis, M.; McDonald, M.A.; Nagpal, A.D.; Estep, J.D.; Soltesz, E.G.; Fan, E. Optimal strategy and timing of left ventricular venting during veno-arterial extracorporeal life support for adults in cardiogenic shock: A systematic review and meta-analysis. Circ. Heart Fail. 2019, 12, e006486. [Google Scholar] [CrossRef]

	



Baruteau, A.E.; Barnetche, T.; Morin, L.; Jalal, Z.; Boscamp, N.S.; Le Bret, E.; Thambo, J.B.; Vincent, J.A.; Fraisse, A.; Torres, A.J. Percutaneous balloon atrial septostomy on top of venoarterial extracorporeal membrane oxygenation results in safe and effective left heart decompression. Eur. Heart J. Acute Cardiovasc. Care. 2018, 7, 70–79. [Google Scholar] [CrossRef] [PubMed]

	



Alhussein, M.; Osten, M.; Horlick, E.; Ross, H.; Fan, E.; Rao, V.; Billia, F. Percutaneous left atrial decompression in adults with refractory cardiogenic shock supported with veno-arterial extracorporeal membrane oxygenation. J. Card. Surg. 2017, 32, 396–401. [Google Scholar] [CrossRef] [PubMed]

	



Eastaugh, L.J.; Thiagarajan, R.R.; Darst, J.R.; McElhinney, D.B.; Lock, J.E.; Marshall, A.C. Percutaneous left atrial decompression in patients supported with extracorporeal membrane oxygenation for cardiac disease. Pediatric Crit. Care Med. 2015, 16, 59–65. [Google Scholar] [CrossRef]

	



Seib, P.M.; Faulkner, S.C.; Erickson, C.C.; Van Devanter, S.H.; Harrell, J.E.; Fasules, J.W.; Frazier, E.A.; Morrow, W.R. Blade and balloon atrial septostomy for left heart decompression in patients with severe ventricular dysfunction on extracorporeal membrane oxygenation. Catheter Cardiovasc. Interv. 1999, 46, 179–186. [Google Scholar] [CrossRef]

	



Cheung, M.M.; Goldman, A.P.; Shekerdemian, L.S.; Brown, K.L.; Cohen, G.A.; Redington, A.N. Percutaneous left ventricular "vent" insertion for left heart decompression during extracorporeal membrane oxygenation. Pediatric Crit. Care Med. 2003, 4, 447–449. [Google Scholar] [CrossRef]

	



Kotani, Y.; Chetan, D.; Rodrigues, W.; Sivarajan, V.B.; Gruenwald, C.; Guerguerian, A.M.; Van Arsdell, G.S.; Honjo, O. Left atrial decompression during venoarterial extracorporeal membrane oxygenation for left ventricular failure in children: Current strategy and clinical outcomes. Artif. Organs 2013, 37, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Haynes, S.; Kerber, R.E.; Johnson, F.L.; Lynch, W.R.; Divekar, A. Left heart decompression by atrial stenting during extracorporeal membrane oxygenation. Int. J. Artif. Organs 2009, 32, 240–242. [Google Scholar] [CrossRef] [PubMed]

	



Veeram Reddy, S.R.; Guleserian, K.J.; Nugent, A.W. Transcatheter removal of atrial septal stent placed to decompress left atrium with VA ECMO. Catheter. Cardiovasc. Interv. 2015, 85, 1021–1025. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, T.; Garatti, A.; Bruschi, G.; Lanfranconi, M.; Russo, C.; Milazzo, F.; Catena, E.; Frigerio, M.; Vitali, E. First successful bridge to recovery with the Impella Recover 100 left ventricular assist device for fulminant acute myocarditis. Ital. Heart J. 2003, 4, 642–645. [Google Scholar]

	



Lim, H.S. The Effect of Impella CP on Cardiopulmonary Physiology during Venoarterial Extracorporeal Membrane Oxygenation Support. Artif. Organs 2017, 41, 1109–1112. [Google Scholar] [CrossRef] [PubMed]

	



Eliet, J.; Gaudard, P.; Zeroual, N.; Rouviere, P.; Albat, B.; Mourad, M.; Colson, P.H. Effect of Impella During Veno-Arterial Extracorporeal Membrane Oxygenation on Pulmonary Artery Flow as Assessed by End-Tidal Carbon Dioxide. ASAIO J. 2018, 64, 502–507. [Google Scholar] [CrossRef]

	



Karatolios, K.; Chatzis, G.; Markus, B.; Luesebrink, U.; Richter, A.; Schieffer, B. Biventricular unloading in patients with refractory cardiogenic shock. Int. J. Cardiol. 2016, 222, 247–252. [Google Scholar] [CrossRef]

	



Pappalardo, F.; Schulte, C.; Pieri, M.; Schrage, B.; Contri, R.; Soeffker, G.; Greco, T.; Lembo, R.; Mullerleile, K.; Colombo, A.; et al. Concomitant implantation of Impella(R) on top of veno-arterial extracorporeal membrane oxygenation may improve survival of patients with cardiogenic shock. Eur. J. Heart Fail. 2017, 19, 404–412. [Google Scholar] [CrossRef] [PubMed]

	



Schrage, B.; Burkhoff, D.; Rubsamen, N.; Becher, P.M.; Schwarzl, M.; Bernhardt, A.; Grahn, H.; Lubos, E.; Soffker, G.; Clemmensen, P.; et al. Unloading of the Left Ventricle During Venoarterial Extracorporeal Membrane Oxygenation Therapy in Cardiogenic Shock. JACC Heart Fail. 2018, 6, 1035–1043. [Google Scholar] [CrossRef]

	



Schrage, B.; Becher, P.M.; Bernhardt, A.; Bezerra, H.; Blankenberg, S.; Brunner, S.; Colson, P.; Cudemus Deseda, G.; Dabboura, S.; Eckner, D.; et al. Left Ventricular Unloading Is Associated With Lower Mortality in Patients With Cardiogenic Shock Treated With Venoarterial Extracorporeal Membrane Oxygenation: Results from an International, Multicenter Cohort Study. Circulation 2020, 142, 2095–2106. [Google Scholar] [CrossRef]

	



Hlavacek, A.M.; Atz, A.M.; Bradley, S.M.; Bandisode, V.M. Left atrial decompression by percutaneous cannula placement while on extracorporeal membrane oxygenation. J. Thorac. Cardiovasc. Surg. 2005, 130, 595–596. [Google Scholar] [CrossRef]

	



Yamamoto, M.; Oshima, Y.; Matsuhisa, H.; Higuma, T.; Iwaki, R.; Matsushima, S.; Murakami, Y. Left Atrial Decompression by Minithoracotomy during Extracorporeal Life Support. Ann. Thorac. Surg. 2019, 107, e227–e228. [Google Scholar] [CrossRef] [PubMed]

	



Rao, P.; Mosier, J.; Malo, J.; Dotson, V.; Mogan, C.; Smith, R.; Keller, R.; Slepian, M.; Khalpey, Z. Peripheral VA-ECMO with direct biventricular decompression for refractory cardiogenic shock. Perfusion 2018, 33, 493–495. [Google Scholar] [CrossRef] [PubMed]

	



Guirgis, M.; Kumar, K.; Menkis, A.H.; Freed, D.H. Minimally invasive left-heart decompression during venoarterial extracorporeal membrane oxygenation: An alternative to a percutaneous approach. Interact Cardiovasc. Thorac. Surg. 2010, 10, 672–674. [Google Scholar] [CrossRef]

	



Fumagalli, R.; Bombino, M.; Borelli, M.; Rossi, F.; Colombo, V.; Osculati, G.; Ferrazzi, P.; Pesenti, A.; Gattinoni, L. Percutaneous bridge to heart transplantation by venoarterial ECMO and transaortic left ventricular venting. Int. J. Artif. Organs 2004, 27, 410–413. [Google Scholar] [CrossRef] [PubMed]

	



Barbone, A.; Malvindi, P.G.; Ferrara, P.; Tarelli, G. Left ventricle unloading by percutaneous pigtail during extracorporeal membrane oxygenation. Interact Cardiovasc. Thorac. Surg. 2011, 13, 293–295. [Google Scholar] [CrossRef]

	



Tepper, S.; Masood, M.F.; Baltazar Garcia, M.; Pisani, M.; Ewald, G.A.; Lasala, J.M.; Bach, R.G.; Singh, J.; Balsara, K.R.; Itoh, A. Left Ventricular Unloading by Impella Device Versus Surgical Vent During Extracorporeal Life Support. Ann. Thorac. Surg. 2017, 104, 861–867. [Google Scholar] [CrossRef]

	



Sandrio, S.; Springer, W.; Karck, M.; Gorenflo, M.; Weymann, A.; Ruhparwar, A.; Loukanov, T. Extracorporeal life support with an integrated left ventricular vent in children with a low cardiac output. Cardiol. Young 2014, 24, 654–660. [Google Scholar] [CrossRef]

	



Weymann, A.; Schmack, B.; Sabashnikov, A.; Bowles, C.T.; Raake, P.; Arif, R.; Verch, M.; Tochertermann, U.; Roggenbach, J.; Popov, A.F.; et al. Central extracorporeal life support with left ventricular decompression for the treatment of refractory cardiogenic shock and lung failure. J. Cardiothorac. Surg. 2014, 9, 60. [Google Scholar] [CrossRef]

	



Na, S.J.; Yang, J.H.; Yang, J.H.; Sung, K.; Cho, J.O.; Hahn, J.Y.; Jeon, E.S.; Cho, Y.H. Left heart decompression at venoarterial extracorporeal membrane oxygenation initiation in cardiogenic shock: Prophylactic versus therapeutic strategy. J. Thorac. Dis. 2019, 11, 3746–3756. [Google Scholar] [CrossRef]

	



Meani, P.; Natour, E.; Pappalardo, F.; Bidar, E.; Makhoul, M.; Raffa, G.; Heuts, S.; Gelsomino, S.; Lozekoot, P.; Johnson, D.; et al. Left ventricle unloading in veno-arterial ECMO support: Literature review for an unanswered dilemma. Eur. J. Heart Fail. 2017, 19 (Suppl. 2), 64–66. [Google Scholar]

	



Avalli, L.; Maggioni, E.; Sangalli, F.; Favini, G.; Formica, F.; Fumagalli, R. Percutaneous left-heart decompression during extracorporeal membrane oxygenation: An alternative to surgical and transeptal venting in adult patients. ASAIO J. 2011, 57, 38–40. [Google Scholar] [CrossRef] [PubMed]

	



Meani, P.; Gelsomino, S.; Natour, E.; Johnson, D.M.; Brunner La Rocca, H.P.; Pappalardo, F.; Bidar, E.; Makhoul, M.; Raffa, G.; Heuts, S.; et al. Modalities and Effects of Left Ventricle Unloading on Extracorporeal Life Support: A Review of the Current Literature. Eur. J. Heart Fail. 2017, 19 (Suppl. 2), 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Donker, D.W.; Brodie, D.; Henriques, J.P.S.; Broome, M. Left ventricular unloading during veno-arterial ECMO: A review of percutaneous and surgical unloading interventions. Perfusion 2019, 34, 98–105. [Google Scholar] [CrossRef] [PubMed]








[image: Membranes 11 00209 g001 550] 





Figure 1. Algorithm proposed for left ventricular venting in patients with veno-arterial extracorporeal membrane oxygenation (VA-ECMO). Abbreviations: LV, left ventricular; LVEDP, left ventricular end-diastolic pressure; MAP, mean arterial pressure; IABP, intra-aortic balloon pump; LA, left atrial. 
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Table 1. Summary of hemodynamic effects of veno-arterial extracorporeal membrane oxygenation (VA-ECMO) leading to left ventricular (LV) distention.
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	Parameters
	Consequences





	LV Preload
	↓



	LV Afterload
	↑



	LV End-Diastolic Volume and Pressure
	↑



	Myocardial Oxygen Consumption
	↑



	LV Stroke Volume
	↓
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Table 2. Comparative effects of venting modalities.
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Modality

	
Advantages

	
Disadvantages






	
Passive LV Unloading

	
Inotropes

	
Simple, cheap, first gesture, no “instrumentation”

	
↑ Myocardial O2 consumption, ↑ risk or arrhythmias, discrete effect on venting




	
IABP

	
Familiarity and simplicity of its use, ease and bedside insertion, low complication rate, enhances coronary circulation

	
Partial unload, limb ischemia, requires regular rhythm, contraindicated in aortic regurgitation and aneurysm




	
Atrial Septostomy

	
Aspiration of blood through the RA-LA, if severe mitral regurgitation direct unloading of the LV

	
Risk of perforation/damage of neighbouring structures, stenting malposition, nephrotoxic contrast use, requires “resolution” after patient improvement




	
Active LV Unloading

	
Impella

	
Direct unload, trigger not required, further enhances systemic blood flow

	
↑ Risk of hemolysis, bleeding, and thrombosis, limb ischemia, contraindicated in aortic regurgitation and aneurysm, Impella 5.0 requires surgical insertion,




	
Surgical decompression cannula

	
Direct unload

	
Insertion technique complications, if catheter placed in pulmonary artery lung ischemia may occur. Surgical approach requires sternotomy or mini-thoracotomy




	
Percutaneous decompression cannula

	
Direct unload

	
Insertion technique complications








IABP, intra-aortic balloon pump; LV, left ventricular/left ventricle; RA-LA, right atrium-left atrium.
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Table 3. Selected evidence for the use of LV unloading strategies.
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Study

	
Year

	
Indications

	
No. Patients ECMO

	
No. Patients ECMO + Unload

	
Weaning ECMO (%)

	
Weaning ECMO + Unload (%)

	
Mortality ECMO (%)

	
Mortality ECMO + Unload (%)

	
Reference






	
IABP

	




	
Aso et al.

	
2016

	
Any CS

	
1046

	
604

	
685 (65.5)

	
505 (83.6)

	
650 (62.1)

	
287 (47.5)

	
doi:10.1097/ccm.0000000000001828




	
Lin et al.

	
2016

	
Any CS

	
227

	
302

	
NR

	
NR

	
110 (48.5)

	
144 (47.7)

	
doi:10.1038/srep23838




	
Bréchot et al.

	
2018

	
Any CS

	
155

	
104

	
NR

	
NR

	
92 (59.4)

	
45 (43.3)

	
doi:10.1177/2048872617711169




	
Tepper et al.

	
2018

	
Any CS

	
30

	
30

	
16 (53)

	
20 (64)

	
22 (73)

	
15 (50)

	
doi:10.1097/MAT.0000000000000788




	
Doll et al.

	
2004

	
Post-cardiotomy shock

	
75

	
144

	
32 (42.6)

	
101 (70)

	
62 (82.6)

	
105 (72.9)

	
doi:10.1016/s0003-4975(03)01329-8




	
Wang et al.

	
2013

	
Post-cardiotomy shock

	
46

	
41

	
NR

	
NR

	
31 (67.4)

	
13 (31.7)

	
doi:10.1371/journal.pone.0063924




	
Impella

	




	
Pappalardo et al.

	
2017

	
Any CS

	
42

	
21

	
16 (28)

	
10 (48)

	
21 (74)

	
10 (48)

	
doi:10.1002/ejhf.668




	
Patel et al.

	
2018

	
Any CS

	
36

	
30

	
16 (44)

	
21 (70)

	
28 (78)

	
17 (57)

	
doi:10.1097/mat.0000000000000767




	
Fiedler et al.

	
2018

	
Any CS

	
47

	
12

	
NR

	
NR

	
25 (53.2)

	
5 (41.6)

	
doi:10.1053/j.jvca.2018.05.019




	
LV Cannula

	




	
Schmack et al.

	
2017

	
Any CS

	
28

	
20

	
NR

	
NR

	
21 (75)

	
9 (45)

	
doi:10.7717/peerj.3813




	
Comparison between Methods

	




	
Study

	
Year

	
Indications

	
Weaning Success ECMO + IABP (%)

	
Weaning Success ECMO + Septostomy (%)

	
Weaning Success ECMO + LV Cannula (%)

	
Mortality ECMO + IABP (%)

	
Mortality ECMO + Septostomy (%)

	
Mortality ECMO + LV Cannula (%)

	
Reference




	
Hasde et al.

	
2020

	
Any CS

	
11 (55)

	
9 (52.9)

	
7 (43.7)

	
11 (55)

	
8 (47.1)

	
9 (56.3)

	
doi:10.1093/icvts/ivaa284








CS, cardiogenic shock; ECMO, extra-corporeal membrane oxygenation; IABP, intra-aortic balloon pump; LV, left ventricular; NR, not reported.
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