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Acute respiratory distress syndrome is characterized by non-cardiogenic pulmonary edema, decreased pulmonary compliance, and abnormalities in gas exchange, especially hypoxemia. Patients with acute respiratory distress syndrome (ARDS) who receive support with venovenous (V-V) extracorporeal membrane oxygenation (ECMO) usually have severe lung disease. Many patients with ARDS have associated pulmonary vascular injury which can result in elevated pulmonary vascular resistance and right heart dysfunction. Since V-V ECMO relies upon preserved cardiac function, right heart failure has important implications for patient evaluation, management, and outcomes. Worsening right heart function complicates ARDS and disease processes. Given the increasing use of ECMO to support patients with ARDS, an understanding of right ventricular-ECMO and cardiopulmonary interactions is essential for the clinician. A narrative review of the manifestations of right heart dysfunction, as well as diagnosis and management strategies for the patient with ARDS on ECMO, is provided.
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Introduction

Acute respiratory distress syndrome (ARDS) is marked by non-cardiogenic alveolar edema, diminished pulmonary compliance, derangements in gas exchange, and abnormalities in the pulmonary vasculature (1). Pulmonary vascular dysfunction and the associated acute increase in pulmonary vascular resistance (PVR) may negatively affect right ventricular (RV) function potentially resulting in acute cor pulmonale (ACP) (2, 3). Clinical management must address the vascular and gas exchange abnormalities when managing patients with ARDS, especially those supported with venovenous (V-V) extracorporeal membrane oxygenation (ECMO) or extracorporeal life support (ECLS).

The normal pulmonary vascular bed is characterized by low resistance which is lowest at functional residual capacity (FRC) and increases as lung volumes deviate from FRC (4). Consequently, with normal levels of PVR, the RV experiences much lower afterload than the left ventricle (LV). Respiratory diseases can affect this relationship by causing vasoconstriction secondary to alveolar hypoxia and hypercarbia, acidemia, release of inflammatory mediators, and decreased lung compliance (1, 5, 6). Furthermore, pulmonary inflammatory endothelial damage, microvascular thrombosis, and vascular remodeling can also affect PVR and RV afterload (7).

The vascular manifestations of lung disease have important effects on cardiac function. The relationship between ARDS and cardiac dysfunction has been well documented (1–11). The RV is subjected to increased afterload during acute lung disease potentiating RV dysfunction. There is a high incidence of RV failure in patients with ARDS, with rates ranging from 10% to 50% (6–11). As the source of LV preload and role of the RV in ventriculoventricular interactions, RV dysfunction can result in decreased cardiac output and vascular congestion which may further compromise organ function.

Given the increasing use of ECMO to support patients with ARDS, an understanding of right ventricular-ECMO and cardiopulmonary interactions is essential for the clinician. This review seeks to provide a broad overview of RV physiology and the role of the right ventricle in V-V ECMO. A narrative review of the manifestations of right heart dysfunction, as well as diagnosis and management strategies for the patient with ARDS on ECMO, is provided.



Right ventricular physiology, ventriculoventricular interaction, and right ventricle-pulmonary interactions

Historically, the RV has been viewed as the lesser of the two ventricles with the less essential role of sending blood to the lungs while the LV perfuses the entire body (12). This perception has resulted in proportionally greater research into the LV than the RV (13–15). While oversimplified, this understanding of the RV is not without some physiologic veracity. The ability to palliate congenital cardiac dysmorphisms such as hypoplastic left heart syndrome (HLHS) down a pathway with a single systemic ventricle highlights the ability of the cardiovascular system to temporarily function without a pump within the pulmonary circulation (16, 17). Despite the historical designation as the lesser of the ventricles, there is a growing understanding of the essentiality of the RV and its unique physiologic factors that affect the entire cardiac functions.

The RV has a complex structure determined by a unique myofiber arrangement and interactions with the LV (14, 18). The deeper muscle layers of the RV predominate and are arranged longitudinally from the cardiac base to the apex resulting in shortening parallel to the long axis of the RV. The more superficial layers of myofibers are arranged helically along the short axis of the ventricle with contraction resulting in decreased cross-sectional area (torsion) of the ventricle. The combined effect of contraction in these two different myofiber planes results in greater longitudinal than helical shortening. While often considered as separate entities, the right and left ventricles cannot be divorced from one another either anatomically or functionally. Anatomically, this interdependence can be seen in two areas. The RV and LV share a significant portion of myofibers that form circumferential tracts around both ventricles (19). These tracts allow for simultaneous and coordinated biventricular contraction. Furthermore, contraction of the LV produces traction on the RV free wall hinge points (where the RV free wall joins the interventricular septum) that complements RV myofiber contraction (14). Additionally, there is significant ventricular interplay related to the interventricular septum itself. In the healthy state, the pressure difference between the ventricles combined with the less compliant and thicker LV myocardium results in the interventricular septum assuming a convex geometry. With coordinated biventricular contraction, accentuation of interventricular pressure differences and thickening of the septal myocardium results in further compression of the RV cavity, thus supplementing RV contraction (18). The practical pathologic implication of the cross-ventricular myofiber arrangement and effects of the interventricular septum is that dysfunction of one ventricle can induce dysfunction within the other.

The physiology of RV contraction also cannot be isolated from the pulmonary vasculature. In the healthy state, the RV ejects into a low-resistance, highly compliant pulmonary vascular system. Accordingly, when compared to the LV, the RV exhibits a shorter isovolumetric contraction time, earlier ejection, and lower peak systolic ventricular pressure. Additionally, the phenomenon of a hangout interval—continued ventriculoarterial ejection extending beyond cessation of ventricular contraction—occurs exclusively within the right heart (20). This phenomenon is related to the exceedingly low vascular resistance and negative intrathoracic pressure that are characteristics of the RV-pulmonary vascular system. When compared to the LV, the thinner-walled RV is exquisitely sensitive to alterations in afterload (changes in PVR) with increases causing ventricular dilation and precipitous drops in stroke volume (21, 22). Furthermore, as demonstrated in an elegant study by Brookes et al., acute dilation of the RV results in impaired LV contraction likely related to altered geometry and dysfunction of shared myofibers (18, 23). Taken together, the RV should be seen as uniquely suited to the normally low-resistance state of the pulmonary vasculature and that any alteration of this typically low pressure system may result in RV dysfunction with subsequent impairment of normal biventricular function.



Right ventricular dysfunction in patients receiving ECMO for ARDS

Patients with ARDS present a model for perturbation of typical RV-pulmonary interactions. Studies of the influence of RV failure on mortality in adults with ARDS have demonstrated conflicting results. Some studies show higher mortality (7–9), while others show no difference (10, 11). However, a large meta-analysis of 9 studies including 1,861 patients with ARDS found that RV injury (defined as RV dysfunction, RV dysfunction with hemodynamic compromise, RV failure and ACP) occurred in 21% of ARDS patients (3). In this meta-analysis, the included studies used varied modalities to assess RV injury including pulmonary artery catheter (PAC) (2 studies), trans-thoracic echocardiography (TTE) (4 studies), trans-esophageal echocardiography (TEE) (1 study), or either echocardiographic modality (2 studies). The analyzed studies were generally performed after widespread adoption of lung-protective ventilation which has also been shown to be protective of the RV. In the pooled meta-analysis, RV injury was associated with a significantly higher risk of short-term mortality (OR: 1.48, 95% CI: 1.14–1.93, p = 0.003, I2 = 0%) and overall mortality (OR: 1.45, 95% CI: 1.13–1.86, p = 0.003, I2 = 0%). These data were supported by another study of 752 patients with ARDS in which a PaO2/FiO2 ratio < 150 mmHg and a PaCO2 ≥ 48 were found to be independent factors associated with ACP (6).

While ARDS is associated with RV dysfunction, this relationship is further exacerbated in the patient with ARDS supported on V-V ECMO. Cardiac dysfunction in patients with ARDS receiving ECMO appears to be strongly related to RV dysfunction. One study compared patients who had clinical evidence of cardiac dysfunction at cannulation with those who did not (24). Of the 92 patients on V-V ECMO, those who required vasoactive support had lower pH and PaO2 with higher lactate levels. Echocardiography revealed a higher incidence of RV dysfunction (39%) and biventricular failure (13%) in these patients. Interestingly, there was an increase in the proportion of patients with RV dysfunction following cannulation. In addition to BMI and PO2, RV dilatation was a significant predictor of mortality. Another study evaluating 121 patients with pre-ECMO hyperlactatemia showed that RV dilation before ECMO support was an independent risk factor for death (OR: 0.239, 95% CI: 0.101–0.561, p = 0.001) (25). Highlighting the relationship between RV dysfunction and systemic perfusion abnormalities, in this study lactate levels correlated with RV dysfunction as measured by tricuspid annular plane systolic excursion (TAPSE) (25).

Adult patients with ARDS who receive V-V ECMO support have significant rates of RV dysfunction. In 46 adults supported with V-V ECMO for ARDS, 60% of the patients had RV hypertrophy (RVH) at cannulation (26). Furthermore, all those with initially normal RV thickness developed RVH during their ECMO course. Duration of mechanical ventilation prior to ECMO did not differ between the two groups. A minority (17%) of the patients received prone positioning before cannulation. There was no difference between groups in mortality, which was 30%. Unfortunately, the authors did not report the evolution in the RVH after discharge from the ICU. In a similar study evaluating 130 adults with ARDS, 80% had RVH before cannulation which increased to 90% after cannulation (27). Based on either quantitative or qualitative measurement, RV dysfunction was found in from 1/3 to 2/3 of patients before ECMO and between 1/2 and 2/3 after cannulation. The findings of both studies are limited by their small number and single center, retrospective design.

Early post-cannulation RV dysfunction appears to be an important phenomenon in ARDS patients. A retrospective study of 64 patients evaluated for RV dysfunction on ECMO (defined as RV dilation plus septal wall motion abnormalities on the first post-canulation echocardiogram) (28). In this study, RV dysfunction was associated with decreased survival to ECMO decannulation (45% vs. 83%) and hospital discharge (32% vs. 64%). Regression analysis showed that absence of RV dysfunction and small LV were associated with survival to decannulation (OR: 6.95 95% CI: 1.87–19.28) and hospital discharge (OR: 1.292, 95% CI: 1.015–1.645, p = 0.038). Systematic detailed studies of RV dysfunction in children with ARDS supported with ECMO are lacking but case series have reported ACP in pediatric patients with acute respiratory failure on V-V ECMO (29).

In addition to RVH and RV dilation, ARDS patients may demonstrate pulmonary hypertension. In 74 patients with ARDS supported with V-V ECMO, the pre-ECMO echocardiogram was normal in only 34% of patients while 43% had isolated pulmonary hypertension (PH) and 23% had PH with RV dilation (30). Additionally, almost 20% of patients had LV dysfunction as demonstrated by a reduced LV ejection fraction. Total ICU mortality was 41.8%. Regression analysis showed that RV dilation and BMI were associated with mortality.



The effect of ECMO on RV function

Because gas exchange occurs primarily via the extracorporeal circuit in patients on V-V ECMO, extracorporeal support provides the opportunity to institute protective or ultraprotective lung protective strategies for mechanical ventilation. These ventilatory approaches are characterized by low tidal volumes (Vt) and respiratory rates. When appropriately targeted to maintain the lungs at or near FRC, these strategies can help decrease PVR and promote normal RV function (31). Furthermore, by raising the mixed venous oxygen level (SvO2), V-V ECMO may result in a decrease in PVR through reversal of hypoxic vasoconstriction (32). This phenomenon is supported by extrapolation of findings in the management of pulmonary arterial hypertension (33). Given the exquisite sensitivity of the RV to changes in PVR, the practitioner must be vigilant to avoid significant atelectasis or consolidation while implementing lung protective ventilation strategies. In this scenario, pulmonary consolidation results in vascular compression, diminished cumulative pulmonary capillary cross-sectional area, and the associated increase in PVR.

In patients with ARDS, ECMO can correct abnormalities in ventilation and oxygenation with an immediate decline in pulmonary artery pressure and increase in cardiac contractility (34). In one small study, 13 adults with ARDS were cannulated onto V-V ECMO and pulmonary artery pressure and cardiac index (CI; thermodilution method) were monitored via a Vigilance II monitor (Edwards Life Sciences, Irvine CA) utilizing a pulmonary artery catheter (35). Multiple parameters including mean pulmonary artery pressure (mPAP) and CI were monitored prior to and after cannulation at multiple timepoints. There was a decline in mPAP within 30 s of ECMO commencement. The fall in mPAP was associated with the drop in PaCO2 and an increase in SvO2. The decrease in mPAP was mirrored by an increase in CI and a drop in central venous pressure (CVP).

Noninvasive measurement of cardiac function has similarly demonstrated that cardiac function generally improves following initiation of ECMO. One multicenter study of 675 patients with ARDS related to SARS-CoV-2 infection utilized echocardiography to evaluate function and found that while LV dysfunction was global, RV dysfunction appeared to be related to alterations in RV afterload from mechanical ventilation, hypercapnia and pulmonary emboli (36). Another study utilizing echocardiography examined 7 patients with pre-ECMO ACP and found significant improvement in RV function (as measured by elevated pulmonary artery Doppler, reduced RV fractional area change, and RV free wall longitudinal strain) occurring within 24 h of cannulation (37). This amelioration of RV dysfunction was attributed to correction of hypoxemia and hypercapnia related to decreases in ventilatory support and associated intrathoracic pressure and RV afterload.

In contrast to V-V ECMO, venoarterial (V-A) ECMO and the hybrid cannulation strategy of venovenoarterial (V-VA) ECMO directly decrease preload to the right heart and provide direct cardiac support (38). The V-A strategy is often used in patients with evidence of more severe cardiac dysfunction (38). Distinct from V-A ECMO, the V-VA configuration also acts like V-V ECMO and provides well oxygenated and ventilated blood to the pulmonary circulation. This strategy thereby preserves the pulmonary vasodilatory effects of a higher SvO2 while also reducing the volume load of the RV and is often considered when patients appear inadequately supported by V-V ECMO (39). In one small study, 30-day mortality was lowest in ARDS patients receiving V-VA support as compared to V-V and V-A ECMO modalities.



Diagnosis of right ventricular dysfunction


Echocardiography

Echocardiography is the most widely employed modality for monitoring cardiac function (5, 40). In patients supported on ECMO, echocardiography typically represents the only feasible non-invasive modality for assessing cardiac function. Echocardiography allows for bedside assessment with a reasonable degree of reproducibility and interobserver reliability (41–43). While ubiquitous, the use of echocardiography can be limited by numerous factors. These include patient factors such as cardiac position, patient position, and impaired sonographic windows secondary to body habitus or lung artifact (34). Additionally, echocardiography remains a highly user-dependent modality in which sonographer training and experience can affect image acquisition (44). Beyond these technical challenges, this modality is also susceptible to the intrinsic limitations of RV anatomy. The LV, which has a relatively uniform bullet-shape, can be geometrically modeled with relative ease allowing for accurate estimations of ventricular volume to be made using only a few echocardiographic data points. The presence of coarse intraventricular trabeculations, variable pyramidal shape, and significant change in conformation throughout the cardiac cycle make estimating RV volumes more challenging. By comparison to magnetic resonance imaging (MRI), 2-dimensional (2D) echocardiographic estimations of RV volume are very poor (45). Consequently, determination of RV size by 2D echocardiography has largely been dependent on the skill and experience of the interpreting echocardiographer. The advent of 3-dimensional (3D) echocardiography has provided improved capacity for objective bedside estimation of RV volumes, although significant intermodal variability persists (46, 47). One non-volumetric evaluation of RV dilation of clinical significance is the ratio between RV end-diastolic area and LV end-diastolic area (RVEDA/LVEDA). This ratio can be obtained by measuring the area of the RV and LV from an appropriate apical four-chamber view. Acute cor pulmonale has been associated with several echocardiographic findings including the presence of paradoxical septal wall movement with RV dilatation (RVEDA/LVEDA >0.6) (48).

Similar to the challenges affecting assessment of RV volume, deriving objective measures of RV function has been difficult. Measures such as ejection fraction (EF), shortening fraction (SF), and fractional area change (FAC) rely upon assumptions of uniform contraction and optimal imaging planes, these metrics are susceptible to the same limitations as 2D volumetric analysis (18). Interestingly, when compared to the gold standard of MRI-derived measurements of RVEF, subjective evaluation (“eyeballing”) of RV function was >95% sensitive for detecting reduced function (RVEF <50%) but <56% specific with sensitivity and specificity improving with the degree of evaluator experience (49). The difficulties in deriving direct measures of RV function have led to the development of surrogate functional indices.

The most common echocardiographic estimates of RV function include TAPSE, RV-S', RV myocardial performance index (MPI, Tei Index), and dP/dT. Both TAPSE and RV-S' are measures of longitudinal RV contraction that can be obtained with relative ease. Both only measure longitudinal contractility and are limited by their high dependence on obtaining an optimal and appropriate image (49). MPI is derived from the sum of isovolumetric contraction time and isovolumetric relaxation time divided by ejection time (50), while dP/dT uses the tricuspid regurgitant jet velocity to assess the change in RV pressure (dP) over time (dT) (51). Both MPI and dP/dT are calculated measures of function that require analysis of a specific Doppler patterns that can be technically difficult to obtain. While each measure provides an incomplete assessment of function, growing evidence suggests that the combination of subjective and objective measures of function improves diagnostic accuracy (49).

Broader implementation of 3D echocardiography may improve the accuracy of quantitative measures of RV function. While 3D echocardiography technology has been widely adopted in many technologically advanced nations, implementation of 3D echocardiography protocols for RV function has been limited by the time-consuming and user-dependent nature of most software programs. The development of new machine learning-based programs may allow for broader clinical adoption (47).

The concept of right ventricular-pulmonary artery (RV-PA) uncoupling deserves special attention. Derived from research in the pulmonary hypertension population, RV-PA coupling refers to the dynamic relationship between RV contractility and the afterload against which the RV works (52). In its truest definition, RV-PA coupling is the ratio between RV end-systolic elastance (Ees) and pulmonary arterial elastance (Ea) with a Ees/Ea ratio of 1.5–2 (53). In the normal physiologic state, RV contractility should match RV afterload (RV-PA coupling) but in the diseased state, RV afterload can increase disproportionately to RV contractility (RV-PA uncoupling). While RV-PA coupling is most accurately assessed through pressure-volume loops created using invasively derived measures, non-invasive echocardiographic surrogates have been developed (54). With this approach, a ratio of TAPSE to pulmonary artery systolic pressure (PASP) can be used with values less than 0.36 mm/mmHg representing significant RV-PA uncoupling and a threshold value of 0.31 mm/mmHg being associated with a nearly 90% sensitivity for detecting RV-PA uncoupling when compared to the invasively-derived gold standard (55).

Several studies have applied the concept of RV-PA uncoupling to the ARDS and ECMO populations. In one study of 94 patients with ARDS secondary to SARS-CoV-2 infection, early and substantial RV-PA uncoupling was described (56). In this study, the TAPSE/PASP ratio—like the PaO2/FiO2 ratio—was associated with increased mortality risk. In another study of 79 adults supported with V-A ECMO for cardiogenic shock, evaluation of RV-PA uncoupling was superior to other echocardiographic parameters for predicting successful weaned from ECMO (57). Further specific studies evaluating RV-PA uncoupling in patients with RV dysfunction supported with V-V ECMO secondary to ARDS are needed.



Pulmonary artery catheter

Pulmonary artery catheters (PAC) provide direct measurement of pressures relevant to RV function including CVP or RV end-diastolic pressure (RVEDP), RV systolic pressure (RVSP), and pulmonary artery pressure. Furthermore, cardiac output can be derived by thermodilution (assuming a lack of intracardiac shunting). Additionally, a PAC allows for repeated measures and real-time feedback on the effects of various interventions. However, the invasive nature of PACs and the attendant risks have resulted in declining use (40).




Care of the patient with ARDS on V-V ECMO


General principles

Since it does not provide direct cardiac support, the goals of caring for a patient on V-V ECMO should include providing adequate gas exchange and optimizing RV function while limiting factors that will increase RV stress and strain (Table 1) (34, 40, 58). Assiduous attention to the basics of patient care undergirds all ECMO care but detailed discussion on basic care is beyond the scope of this review. Optimizing oxygenation, ventilation and serum pH are of primary importance. Fluid overload must be avoided if possible and addressed if already present at the time of ECMO cannulation. Of note, longer duration of mechanical ventilation prior to ECMO may contribute to greater mortality (59).


TABLE 1 Approaches to the management of right ventricular dysfunction in patients with ARDS.
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A relatively high level of positive end-expiratory pressure (PEEP) early in the post-cannulation phase of ECMO has been associated with greater survival. In one study of 168 ECMO patients at three separate institutions, Vt was decreased on day #1 of ECMO support to below 3–4 ml/Kg while median PEEP was 12 ± 3 cm H2O (60). The authors found that lower PEEP after 3 days on ECMO was associated with higher ICU mortality, as was lower Vt. Additionally, higher pre-ECMO ventilator plateau pressures were associated with increased mortality. The authors note that higher PEEP may reduce atelectasis, improve VA/Q matching especially with the ultralow Vt used in this population. A high PEEP strategy should be balanced with the knowledge that when excessively high it can reduce RV preload and result in regional alveolar overdistention and increased PVR, especially in the patient with heterogeneous lung disease.

Prone positioning has been shown to have beneficial effects on the right heart. The proposed mechanism is that improved oxygenation results in a decrease in PVR and thus improved unloading of the RV. In a study of 42 adults with ARDS, pre- and post-proning echocardiography was performed to evaluate for RV dysfunction (61). Half of the patients had ACP with RV enlargement and septal dyskinesia. Proning was associated with a decrease in airway pressure and PaCO2, and in those patients with ACP proning was associated with a decrease in RV dilation and septal dyskinesia. Other studies have shown prone position improved oxygenation in patients with ARDS on ECMO but pulmonary vascular and RV function were not reported (62, 63).



Pharmacologic management of RV dysfunction

Pharmacologic support of the failing RV may also improve overall cardiac function. Norepinephrine improves coronary perfusion and cardiac output with smaller increases in myocardial oxygen consumption than epinephrine (64). Experimental models have shown this pharmacologic approach produces a decrease in RV wall stress and RVEDP with improved RV stroke volume that is not matched by fluid expansion alone (64). Dobutamine and milrinone (a phopsphodiesterase-3 inhibitor) improve RV contractility (40). Inhaled nitric oxide (iNO) has not been shown to have significant effects on mortality or duration of mechanical ventilation in adults with ARDS. Furthermore, its prolonged use has been associated with renal complications (65). However, because of its known pulmonary vasodilatory effects, iNO may have application in selective patients with RV dysfunction (40). Levosimendan increases sensitivity of troponin C for ionized calcium and thereby improves contractility. While not yet studied in the ARDS ECMO population, its use has been examined in 35 patients with ARDS related to septic shock criteria (66). In this study, the use of levosimendan was associated with improved cardiac output, RV function SvO2, as well as decreased mPAP and PVR. Further study is required to understand the role of this potential adjunct.



Extracorporeal management of RV dysfunction

When RV dysfunction develops or progresses after initiation of V-V ECMO, the underlying lung disease may be complicated by other pathologic conditions. Investigation for progressive causes of RV dysfunction should be undertaken. Further management for RV failure may include inotropic support (Table 1). If pharmacologic support proves inadequate, alternative ECMO support strategies should be considered. The addition of an arterial cannula to change from V-V ECMO to V-VA can allow for direct circulatory support in addition to oxygenation and ventilation. Patient selection and optimal timing of transition of ECMO mode has not yet been clarified. With V-VA ECMO, attention to the relative flow in the arterial and venous return cannulas is essential to ensure appropriate oxygen delivery. Echocardiography may help determine the optimal ratio of arterial-to-venous flows. If this alteration proves inadequate and further support is required, the venous return cannula can sometimes be converted to a drainage site so as to provide VV-A ECMO support.

In a review of the Extracorporeal Life Support Organization (ELSO) registry of 717 ECMO exposures from 2009 to 2013 in adults with ARDS who received inotropic or vasopressor agents prior to cannulation, 82.4%% received V-V ECMO and 4% required conversion to VA ECMO (38). Patients who remained supported on V-V ECMO had higher pre-ECMO MAP and PEEP while patients who ultimately required V-A ECMO had lower pH and blood pressure, and higher inotrope/vasopressor receipt. Survival to discharge was significantly higher in the V-V group (58.0% vs. 42.9%).

In lieu of altering the ECMO circuit, an alternative option to provide cardiac support while on V-V ECMO includes the addition of an intra-aortic balloon pump (IABP). Although this device operates on the systemic circulation side, the use of IABP has been shown to be helpful in patients with RV or biventricular failure, likely related to the significant ventriculoventricular interactions that affect RV function (18, 67). One approach commonly used in children is to create an atrial septostomy via percutaneous balloon atrial septostomy (59). This maneuver can decompress an overloaded right heart without affecting RV afterload. Few studies exist to evaluate this intervention in adults with ARDS.

Another approach to managing patients with ARDS and RV dysfunction is the use of a temporary RV assist device (RVAD) placed percutaneously into the pulmonary artery [Protek Duo (LivaNova, London, UK)] (68). A single center report of patients with ARDS from SARS-CoV-2 described an approach using V-V ECMO with this RVAD (69). Of the first 40 patients, survival to discharge reached 82.5% (70). By the time of their report in 2021, 136 patients treated according to this protocol had completed their hospital course with 67% survival to discharge (68). Thus, the survival in the 96 patients after the initial report was 60%. In a smaller single center report, 18 patients were treated with this ECMO-RVAD approach and were compared with 21 patients treated with invasive mechanical ventilation alone (71). In-hospital and 30-day mortalities were significantly lower in the ECMO patients (11.1% vs. 52.4%, p = 0.008 and 5.6% vs. 42.9%, p = 0.011).

Overall, the body of evidence supporting specific ECMO or RVAD approaches in the ARDS/RV dysfunction population is limited. There is a great need for randomized studies comparing different cannulation strategies in those with RV dysfunction and evaluating the optimal timing of RV support. One potential approach supplementary support is presented in Figure 1.


[image: Figure 1]
FIGURE 1
Approach to cannulation strategy in patients with ARDS and cardiac dysfunction.





Conclusion

Right ventricular and pulmonary vascular abnormalities occur commonly in patients with ARDS, especially those with disease severe enough to require V-V ECMO. Severe ARDS can result in elevated PVR thereby increasing RV afterload. This cascade of factors can result in RV dysfunction and subsequent LV dysfunction due to ventricular interdependence. RV dysfunction appears to be associated with worse outcomes in patients with ARDS. V-V ECMO may improve RV afterload by ameliorating hypercarbia and hypoxemia, while permitting protective or ultraprotective ventilation strategies. V-V ECMO usually provides adequate support for the RV but severe dysfunction has been documented despite ECMO support. Thus, care of the patient with ARDS and RV dysfunction on ECMO requires attention to optimizing right ventricular unloading even after cannulation. Careful echocardiographic evaluation should help guide management. Consideration of therapeutic approaches should be broad and include pharmacologic, ventilator, positional, and cannulation/VAD modalities. Further research is needed to elucidate conditions which may exacerbate RV dysfunction and to evaluate therapies which can optimize RV function in the patient requiring ECMO support.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Zapol WM, Snider MT. Pulmonary hypertension in severe acute respiratory failure. N Engl J Med. (1977) 296(9):476–80. doi: 10.1056/NEJM197703032960903

2. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E, et al. Acute respiratory distress syndrome: the Berlin definition. JAMA. (2012) 307(23):2526–33. doi: 10.1001/jama.2012.5669

3. Sato R, Dugar S, Cheungpasitporn W, Schleicher M, Collier P, Vallabhajosyula S, et al. The impact of right ventricular injury on the mortality in patients with acute respiratory distress syndrome: a systematic review and meta-analysis. Crit Care. (2021) 25(1):172. doi: 10.1186/s13054-021-03591-9

4. Whittenberger JL, McGregor M, Berglund E, Borst HG. Influence of state of inflation of the lung on pulmonary vascular resistance. J Appl Physiol. (1960) 15:878–82. doi: 10.1152/jappl.1960.15.5.878

5. Petit M, Jullien E, Vieillard-Baron A. Right ventricular function in acute respiratory distress syndrome: impact on outcome, respiratory strategy and use of veno-venous extracorporeal membrane oxygenation. Front Physiol. (2021) 12:797252. doi: 10.3389/fphys.2021.797252

6. Mekontso Dessap A, Boissier F, Charron C, Bégot E, Repessé X, Legras A, et al. Acute cor pulmonale during protective ventilation for acute respiratory distress syndrome: prevalence, predictors, and clinical impact. Intensive Care Med. (2016) 42(5):862–70. doi: 10.1007/s00134-015-4141-2

7. Bellingan GJ. The pulmonary physician in critical care * 6: the pathogenesis of ALI/ARDS. Thorax. (2002) 57(6):540–6. doi: 10.1136/thorax.57.6.540

8. Shah TG, Wadia SK, Kovach J, Fogg L, Tandon R. Echocardiographic parameters of right ventricular function predict mortality in acute respiratory distress syndrome: a pilot study. Pulm Circ. (2016) 6(2):155–60. doi: 10.1086/685549

9. Boissier F, Katsahian S, Razazi K, Thille AW, Roche-Campo F, Leon R, et al. Prevalence and prognosis of cor pulmonale during protective ventilation for acute respiratory distress syndrome. Intensive Care Med. (2013) 39(10):1725–33. doi: 10.1007/s00134-013-2941-9

10. Osman D, Monnet X, Castelain V, Anguel N, Warszawski J, Teboul JL, et al. Incidence and prognostic value of right ventricular failure in acute respiratory distress syndrome. Intensive Care Med. (2009) 35(1):69–76. doi: 10.1007/s00134-008-1307-1

11. Vieillard-Baron A, Schmitt JM, Augarde R, Fellahi JL, Prin S, Page B, et al. Acute cor pulmonale in acute respiratory distress syndrome submitted to protective ventilation: incidence, clinical implications, and prognosis. Crit Care Med. (2001) 29(8):1551–5. doi: 10.1097/00003246-200108000-00009

12. Harvey W. Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus. Franfurt Germany: Guilielmi Fitzeri (1628).

13. Amsallem M, Mercier O, Kobayashi Y, Moneghetti K, Haddad F. Forgotten no more: a focused update on the right ventricle in cardiovascular disease. JACC Heart Fail. (2018) 6(11):891–903. doi: 10.1016/j.jchf.2018.05.022

14. Haddad F, Hunt SA, Rosenthal DN, Murphy DJ. Right ventricular function in cardiovascular disease, part I: anatomy, physiology, aging, and functional assessment of the right ventricle. Circulation. (2008) 117(11):1436–48. doi: 10.1161/CIRCULATIONAHA.107.653576

15. Rigolin VH, Robiolio PA, Wilson JS, Harrison JK, Bashore TM. The forgotten chamber: the importance of the right ventricle. Cathet Cardiovasc Diagn. (1995) 35(1):18–28. doi: 10.1002/ccd.1810350105

16. Alsoufi B, Gillespie S, Kim D, Shashidharan S, Kanter K, Maher K, et al. The impact of dominant ventricle morphology on palliation outcomes of single ventricle anomalies. Ann Thorac Surg. (2016) 102(2):593–601. doi: 10.1016/j.athoracsur.2016.04.054

17. d'Udekem Y, Xu MY, Galati JC, Lu S, Iyengar AJ, Konstantinov IE, et al. Predictors of survival after single-ventricle palliation: the impact of right ventricular dominance. J Am Coll Cardiol. (2012) 59(13):1178–85. doi: 10.1016/j.jacc.2011.11.049

18. Sheehan F, Redington A. The right ventricle: anatomy, physiology and clinical imaging. Heart. (2008) 94(11):1510–5. doi: 10.1136/hrt.2007.132779

19. Kovács A, Lakatos B, Tokodi M, Merkely B. Right ventricular mechanical pattern in health and disease: beyond longitudinal shortening. Heart Fail Rev. (2019) 24(4):511–20. doi: 10.1007/s10741-019-09778-1

20. Dell'Italia LJ, Walsh RA. Acute determinants of the hangout interval in the pulmonary circulation. Am Heart J. (1988) 116(5 Pt 1):1289–97. doi: 10.1016/0002-8703(88)90454-1

21. Bristow MR, Zisman LS, Lowes BD, Abraham WT, Badesch DB, Groves BM, et al. The pressure-overloaded right ventricle in pulmonary hypertension. Chest. (1998) 114(1 Suppl):101S–6S. doi: 10.1378/chest.114.1_supplement.101s

22. Chin KM, Kim NH, Rubin LJ. The right ventricle in pulmonary hypertension. Coron Artery Dis. (2005) 16(1):13–8. doi: 10.1097/00019501-200502000-00003

23. Brookes C, Ravn H, White P, Moeldrup U, Oldershaw P, Redington A. Acute right ventricular dilatation in response to ischemia significantly impairs left ventricular systolic performance. Circulation. (1999) 100(7):761–7. doi: 10.1161/01.cir.100.7.761

24. Lazzeri C, Bonizzoli M, Cianchi G, Batacchi S, Guetti C, Cozzolino M, et al. Right ventricular dysfunction and pre implantation vasopressors in refractory ARDS supported by VV-ECMO. Heart Lung Circ. (2018) 27(12):1483–8. doi: 10.1016/j.hlc.2017.10.011

25. Lazzeri C, Bonizzoli M, Cianchi G, Batacchi S, Terenzi P, Cozzolino M, et al. Lactate and echocardiography before veno-venous extracorporeal membrane oxygenation support. Heart Lung Circ. (2018) 27(1):99–103. doi: 10.1016/j.hlc.2017.02.006

26. Lazzeri C, Bonizzoli M, Cianchi G, Batacchi S, Chiostri M, Fulceri G, et al. Right ventricular hypertrophy in refractory acute respiratory distress syndrome treated with venovenous extracorporeal membrane oxygenation support. J Cardiothorac Vasc Anesth. (2020) 34(6):1441–5. doi: 10.1053/j.jvca.2019.08.035

27. Pettenuzzo T, Pichette M, Fan E. Right ventricular hypertrophy in patients undergoing venovenous extracorporeal membrane oxygenation for severe acute respiratory distress syndrome. J Cardiothorac Vasc Anesth. (2020) 34(6):1710–2. doi: 10.1053/j.jvca.2019.12.018

28. Ortiz F, Brunsvold ME, Bartos JA. Right ventricular dysfunction and mortality after cannulation for venovenous extracorporeal membrane oxygenation. Crit Care Explor. (2020) 2(11):e0268. doi: 10.1097/CCE.0000000000000268

29. McConnell PI, Hayes D. Cor pulmonale in children with acute respiratory failure on venovenous extracorporeal membrane oxygenation. ASAIO J. (2019) 65(1):e14. doi: 10.1097/MAT.0000000000000785

30. Lazzeri C, Cianchi G, Bonizzoli M, Batacchi S, Terenzi P, Bernardo P, et al. Right ventricle dilation as a prognostic factor in refractory acute respiratory distress syndrome requiring veno-venous extracorporeal membrane oxygenation. Minerva Anestesiol. (2016) 82(10):1043–9.

31. Vieillard-Baron A, Loubieres Y, Schmitt JM, Page B, Dubourg O, Jardin F. Cyclic changes in right ventricular output impedance during mechanical ventilation. J Appl Physiol (1985). (1999) 87(5):1644–50. doi: 10.1152/jappl.1999.87.5.1644

32. Lamy M, Eberhart RC, Fallat RJ, Dietrich HP, Ratliff J, Hill JD. Effects of extracorporeal membrane oxygenation (ECMO) on pulmonary hemodynamics, gas exchange and prognose. Trans Am Soc Artif Intern Organs. (1975) 21:188–98.

33. Khirfan G, Almoushref A, Naal T, Abuhalimeh B, Dweik RA, Heresi GA, et al. Mixed venous oxygen saturation is a better prognosticator than cardiac index in pulmonary arterial hypertension. Chest. (2020) 158(6):2546–55. doi: 10.1016/j.chest.2020.06.053

34. Bonnemain J, Ltaief Z, Liaudet L. The right ventricle in COVID-19. J Clin Med. (2021) 10(12). doi: 10.3390/jcm10122535

35. Reis Miranda D, van Thiel R, Brodie D, Bakker J. Right ventricular unloading after initiation of venovenous extracorporeal membrane oxygenation. Am J Respir Crit Care Med. (2015) 191(3):346–8. doi: 10.1164/rccm.201408-1404LE

36. Huang S, Vignon P, Mekontso-Dessap A, Tran S, Prat G, Chew M, et al. Echocardiography findings in COVID-19 patients admitted to intensive care units: a multi-national observational study (the ECHO-COVID study). Intensive Care Med. (2022) 48(6):667–78. doi: 10.1007/s00134-022-06685-2

37. Levy D, Desnos C, Lebreton G, Théry G, Pineton de Chambrun M, Leprince P, et al. Early reversal of right ventricular dysfunction after venovenous ECMO in patients with COVID-19 pneumonia. Am J Respir Crit Care Med. (2022). doi: 10.1164/rccm.202208-1486LE

38. Kon ZN, Bittle GJ, Pasrija C, Pham SM, Mazzeffi MA, Herr DL, et al. Venovenous versus venoarterial extracorporeal membrane oxygenation for adult patients with acute respiratory distress syndrome requiring precannulation hemodynamic support: a review of the ELSO registry. Ann Thorac Surg. (2017) 104(2):645–9. doi: 10.1016/j.athoracsur.2016.11.006

39. Stöhr F, Emmert MY, Lachat ML, Stocker R, Maggiorini M, Falk V, et al. Extracorporeal membrane oxygenation for acute respiratory distress syndrome: is the configuration mode an important predictor for the outcome? Interact Cardiovasc Thorac Surg. (2011) 12(5):676–80. doi: 10.1510/icvts.2010.258384

40. Bunge JJH, Caliskan K, Gommers D, Reis Miranda D. Right ventricular dysfunction during acute respiratory distress syndrome and veno-venous extracorporeal membrane oxygenation. J Thorac Dis. (2018) 10(Suppl 5):S674–82. doi: 10.21037/jtd.2017.10.75

41. Morbach C, Gelbrich G, Breunig M, Tiffe T, Wagner M, Heuschmann PU, et al. Impact of acquisition and interpretation on total inter-observer variability in echocardiography: results from the quality assurance program of the STAAB cohort study. Int J Cardiovasc Imaging. (2018) 34(7):1057–65. doi: 10.1007/s10554-018-1315-3

42. Nagueh SF, Abraham TP, Aurigemma GP, Bax JJ, Beladan C, Browning A, et al. Interobserver variability in applying American society of echocardiography/European association of cardiovascular imaging 2016 guidelines for estimation of left ventricular filling pressure. Circ Cardiovasc Imaging. (2019) 12(1):e008122. doi: 10.1161/CIRCIMAGING.118.008122

43. Jenkins C, Bricknell K, Hanekom L, Marwick TH. Reproducibility and accuracy of echocardiographic measurements of left ventricular parameters using real-time three-dimensional echocardiography. J Am Coll Cardiol. (2004) 44(4):878–86. doi: 10.1016/j.jacc.2004.05.050

44. Ehler D, Carney DK, Dempsey AL, Rigling R, Kraft C, Witt SA, et al. Guidelines for cardiac sonographer education: recommendations of the American society of echocardiography sonographer training and education committee. J Am Soc Echocardiogr. (2001) 14(1):77–84. doi: 10.1067/mje.2001.109922

45. Helbing WA, Bosch HG, Maliepaard C, Rebergen SA, van der Geest RJ, Hansen B, et al. Comparison of echocardiographic methods with magnetic resonance imaging for assessment of right ventricular function in children. Am J Cardiol. (1995) 76(8):589–94. doi: 10.1016/s0002-9149(99)80161-1

46. Kjaergaard J, Petersen CL, Kjaer A, Schaadt BK, Oh JK, Hassager C. Evaluation of right ventricular volume and function by 2D and 3D echocardiography compared to MRI. Eur J Echocardiogr. (2006) 7(6):430–8. doi: 10.1016/j.euje.2005.10.009

47. Genovese D, Rashedi N, Weinert L, Narang A, Addetia K, Patel AR, et al. Machine learning-based three-dimensional echocardiographic quantification of right ventricular size and function: validation against cardiac magnetic resonance. J Am Soc Echocardiogr. (2019) 32(8):969–77. doi: 10.1016/j.echo.2019.04.001

48. Vieillard-Baron A, Prin S, Chergui K, Dubourg O, Jardin F. Echo-Doppler demonstration of acute cor pulmonale at the bedside in the medical intensive care unit. Am J Respir Crit Care Med. (2002) 166(10):1310–9. doi: 10.1164/rccm.200202-146CC

49. Schneider M, Ran H, Aschauer S, Binder C, Mascherbauer J, Lang I, et al. Visual assessment of right ventricular function by echocardiography: how good are we? Int J Cardiovasc Imaging. (2019) 35(11):2001–8. doi: 10.1007/s10554-019-01653-2

50. Harjai KJ, Scott L, Vivekananthan K, Nunez E, Edupuganti R. The Tei index: a new prognostic index for patients with symptomatic heart failure. J Am Soc Echocardiogr. (2002) 15(9):864–8. doi: 10.1067/mje.2002.120892

51. Imanishi T, Nakatani S, Yamada S, Nakanishi N, Beppu S, Nagata S, et al. Validation of continuous wave Doppler-determined right ventricular peak positive and negative dP/dt: effect of right atrial pressure on measurement. J Am Coll Cardiol. (1994) 23(7):1638–43. doi: 10.1016/0735-1097(94)90668-8

52. Sathananthan G, Grewal J. The complex relationship that is RV-PA coupling and its relevance to managing congenital heart disease. Can J Cardiol. (2019) 35(7):816–8. doi: 10.1016/j.cjca.2019.04.027

53. Vanderpool RR, Pinsky MR, Naeije R, Deible C, Kosaraju V, Bunner C, et al. RV-pulmonary arterial coupling predicts outcome in patients referred for pulmonary hypertension. Heart. (2015) 101(1):37–43. doi: 10.1136/heartjnl-2014-306142

54. Todaro MC, Carerj S, Zito C, Trifirò MP, Consolo G, Khandheria B. Echocardiographic evaluation of right ventricular-arterial coupling in pulmonary hypertension. Am J Cardiovasc Dis. (2020) 10(4):272–83.

55. Tello K, Wan J, Dalmer A, Vanderpool R, Ghofrani HA, Naeije R, et al. Validation of the tricuspid annular plane systolic excursion/systolic pulmonary artery pressure ratio for the assessment of right ventricular-arterial coupling in severe pulmonary hypertension. Circ Cardiovasc Imaging. (2019) 12(9):e009047. doi: 10.1161/CIRCIMAGING.119.009047

56. D'Alto M, Marra AM, Severino S, Salzano A, Romeo E, De Rosa R, et al. Right ventricular-arterial uncoupling independently predicts survival in COVID-19 ARDS. Crit Care. (2020) 24(1):670. doi: 10.1186/s13054-020-03385-5

57. Kim D, Park Y, Choi KH, Park TK, Lee JM, Cho YH, et al. Prognostic implication of RV coupling to pulmonary circulation for successful weaning from extracorporeal membrane oxygenation. JACC Cardiovasc Imaging. (2021) 14(8):1523–31. doi: 10.1016/j.jcmg.2021.02.018

58. Dandel M. Heart-lung interactions in COVID-19: prognostic impact and usefulness of bedside echocardiography for monitoring of the right ventricle involvement. Heart Fail Rev. (2022) 27(4):1325–39. doi: 10.1007/s10741-021-10108-7

59. Schmidt M, Zogheib E, Rozé H, Repesse X, Lebreton G, Luyt CE, 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(10):1704–13. doi: 10.1007/s00134-013-3037-2

60. Schmidt M, Stewart C, Bailey M, Nieszkowska A, Kelly J, Murphy L, et al. Mechanical ventilation management during extracorporeal membrane oxygenation for acute respiratory distress syndrome: a retrospective international multicenter study. Crit Care Med. (2015) 43(3):654–64. doi: 10.1097/CCM.0000000000000753

61. Vieillard-Baron A, Charron C, Caille V, Belliard G, Page B, Jardin F. Prone positioning unloads the right ventricle in severe ARDS. Chest. (2007) 132(5):1440–6. doi: 10.1378/chest.07-1013

62. Chen Z, Li M, Gu S, Huang X, Xia J, Ye Q, et al. Effect of prone position in patients with acute respiratory distress syndrome supported by venovenous extracorporeal membrane oxygenation: a retrospective cohort study. BMC Pulm Med. (2022) 22(1):234. doi: 10.1186/s12890-022-02026-7

63. Guervilly C, Hraiech S, Gariboldi V, Xeridat F, Dizier S, Toesca R, et al. Prone positioning during veno-venous extracorporeal membrane oxygenation for severe acute respiratory distress syndrome in adults. Minerva Anestesiol. (2014) 80(3):307–13.

64. Ghignone M, Girling L, Prewitt RM. Volume expansion versus norepinephrine in treatment of a low cardiac output complicating an acute increase in right ventricular afterload in dogs. Anesthesiology. (1984) 60(2):132–5. doi: 10.1097/00000542-198402000-00009

65. Gebistorf F, Karam O, Wetterslev J, Afshari A. Inhaled nitric oxide for acute respiratory distress syndrome (ARDS) in children and adults. Cochrane Database Syst Rev. (2016) 2016(6):CD002787. doi: 10.1002/14651858.CD002787.pub3

66. Morelli A, Teboul JL, Maggiore SM, Vieillard-Baron A, Rocco M, Conti G, et al. Effects of levosimendan on right ventricular afterload in patients with acute respiratory distress syndrome: a pilot study. Crit Care Med. (2006) 34(9):2287–93. doi: 10.1097/01.CCM.0000230244.17174.4F

67. Pappalardo F, Pieri M, De Bonis M, Maj G, Calabrò MG, Ajello S, et al. Cardiac support with IABP during venovenous ECMO for ARDS. Intensive Care Med. (2013) 39(6):1152–3. doi: 10.1007/s00134-013-2886-z

68. Tatooles AJ, Mustafa AK, Joshi DJ, Pappas PS. Extracorporeal membrane oxygenation with right ventricular support in COVID-19 patients with severe acute respiratory distress syndrome. JTCVS Open. (2021) 8:90–6. doi: 10.1016/j.xjon.2021.10.054

69. Ravichandran AK, Baran DA, Stelling K, Cowger JA, Salerno CT. Outcomes with the tandem protek duo dual-lumen percutaneous right ventricular assist device. ASAIO J. (2018) 64(4):570–2. doi: 10.1097/MAT.0000000000000709

70. Mustafa AK, Alexander PJ, Joshi DJ, Tabachnick DR, Cross CA, Pappas PS, et al. Extracorporeal membrane oxygenation for patients with COVID-19 in severe respiratory failure. JAMA Surg. (2020) 155(10):990–2. doi: 10.1001/jamasurg.2020.3950

71. Cain MT, Smith NJ, Barash M, Simpson P, Durham LA, Makker H, et al. Extracorporeal membrane oxygenation with right ventricular assist device for COVID-19 ARDS. J Surg Res. (2021) 264:81–9. doi: 10.1016/j.jss.2021.03.017



OPS/images/fcvm-10-1027300-g001.jpg
Absence of shock,
low inotropes or/&
vasopressors

Patients with ARDS

Echo evaluation of RV
function

Normal or mild
dysfunction

Candidate for
V-V ECMO

ECMO

TAPSE < 17
RV FAC < 35%
TAPSE/PASP < 0.635

Medical management:
inotropy, diuresis, pulmonary
vasodilators, prone position

Clinical deterioration

Multiple inotropes/vasopressors.
Signs of shock ( t lactate, § BP
} urine output)

RV dysfunction

Consider RV assist
devices

fes

NO Echo/PAC evidence

of LV/BIV.
dysfunction

Consider V-A ECMO






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Right ventricular dysfunction in patients with acute respiratory distress syndrome receiving venovenous extracorporeal membrane oxygenation

		Introduction



		Right ventricular physiology, ventriculoventricular interaction, and right ventricle-pulmonary interactions



		Right ventricular dysfunction in patients receiving ECMO for ARDS



		The effect of ECMO on RV function



		Diagnosis of right ventricular dysfunction



		Echocardiography



		Pulmonary artery catheter











		Care of the patient with ARDS on V-V ECMO



		General principles



		Pharmacologic management of RV dysfunction



		Extracorporeal management of RV dysfunction











		Conclusion



		Author contributions



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Right ventricular dysfunction in patients
with acute respiratory distress
syndrome receiving venovenous
extracorporeal membrane oxygenation





OPS/images/fcvm-10-1027300-t001.jpg
General Problem Approach

therapy
Hypotension | Vasopressor therapy: Coronary perfusion
~Norepinephrine pressure
—vasopressin ~high dose NE
(505 pg/kg/h)
can increase
PVR and cause
tachycardia
Fall in cardiac | Inotropic therapy DO,/VOy: 3-4
output with RV/ | -Dobutamine (potent
PA uncoupling chronotrope)

~Milrinone (vasodilator,
contraindicated in
hypotension)

~Levosimendan (improves
RV/PA coupling
without increasing
myocardial O,
consumption)

~Epinephrine (potent
chrontrope, may

increase PVR)
Volume Pharmacolgic diuresis, or | ~CVP: 8-12 cm
overload renal replacement therapy | H,0 with
normal SBP
~Minimize RV
dilation
~Normalize septal
‘wall motion
Altered gas Careful ventilator ~Minimize acidosis
exchange ‘managament (PaCO, < 485
“lung protective mHg),
ventilation ~Pa0,/FiO, > 150
~attention to AP and
mechanical power
~PEEP titration
Increased RV | Lung protective ventilator
afterload ‘management Prone
positioning
Patients  Problem Approach Goal
on ECMO
RV dysfunction | Serial echocardiographic | Evaluate for
monitoring worsening
RV worsening | Unload RV Decrease RV load
depsite therapies | ~RVAD Follow institutional
listed above ~VA ECMO protocols

NE, norepinephrine; PVR, pulmonary vascular resistance; DO,, oxygen delivery.
VO,, oxygen consumption; RV, right ventricle; PA, pulmonary artery; CVP, centra
oS pesssire: AP, Siviig Bressure: RVAD, riokit verircular skt devics.










OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





