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Abstract
Coronavirus disease 2019 (COVID-19) related acute respiratory distress syndrome (ARDS) is a severe complication of infection with severe acute respiratory syndrome coronavirus 2, and the primary cause of death in the current pandemic. Critically ill patients often undergo extracorporeal membrane oxygenation (ECMO) therapy as the last resort over an extended period. ECMO therapy requires sedation of the patient, which is usually achieved by intravenous administration of sedatives. The shortage of intravenous sedative drugs due to the ongoing pandemic, and attempts to improve treatment outcome for COVID-19 patients, drove the application of inhaled sedation as a promising alternative for sedation during ECMO therapy. Administration of volatile anesthetics requires an appropriate delivery. Commercially available ones are the anesthetic gas reflection systems AnaConDa® and MIRUSTM, and each should be combined with a gas scavenging system. In this review, we describe respiratory management in COVID-19 patients and the procedures for inhaled sedation during ECMO therapy of COVID-19 related ARDS. We focus particularly on the technical details of administration of volatile anesthetics. Furthermore, we describe the advantages of inhaled sedation and volatile anesthetics, and we discuss the limitations as well as the requirements for safe application in the clinical setting. 
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Core Tip: This article summarizes the use of inhaled sedation for extracorporeal membrane oxygenation in patients suffering from coronavirus disease 2019 (COVID-19) related acute respiratory distress syndrome, including a description of respiratory management, the technical aspects, and requirements for delivery of volatile anesthetics. The article closes with important future considerations for inhaled sedation in critically ill COVID-19 patients undergoing extracorporeal membrane oxygenation therapy.



INTRODUCTION
The ongoing pandemic is caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that triggers a variety of symptoms in the human host. One major complication of infection with SARS-CoV-2 is the acute respiratory distress syndrome (ARDS). Coronavirus disease 2019 (COVID-19) related ARDS is a severe condition associated with high mortality and is the primary cause of death among COVID-19 patients. Treatment of this condition is mainly supportive and requires considerable resources, but effective coordination enables the health care system to cope with the influx of critically ill patients[1]. 
If respiratory failure occurs in COVID-19 patients despite all efforts, extracorporeal membrane oxygenation (ECMO) treatment over an extended period is the last remaining therapeutic option[2]. Since the outcome of this treatment is poor, better prevention and treatment are urgently needed. 
ECMO therapy requires sedation of the patient, often via high doses of intravenous sedatives such as midazolam, ketamine, or propofol in combination with an opioid and neuromuscular blocking agent. The ongoing pandemic is exhausting supplies of these drugs, so alternative approaches have to be considered[3]. One practical alternative approach is inhaled sedation with volatile anesthetics, such as isoflurane, sevoflurane, or desflurane[4,5].
Beside the low costs, volatile anesthetics are associated with faster onset and offset of sedation and thus allow efficient control of administration. Application of these drugs does not rely on electronic infusion pumps, which have become scarce during the pandemic. In addition, volatile anesthetics cause fewer hallucinations and lower opioid needs than intravenous anesthetics. Moreover, a recent study suggests that inhaled sedation could be associated with a better outcome than intravenous sedation[6]. In particular, sevoflurane yielded superior outcomes than other anesthetics[7,8]. Nonetheless, the application of inhaled sedation faces limitations. Most critical care units lack proper delivery and gas scavenging systems for limiting pollution with volatile anesthetics[9]. Further, health care professionals require special training to administer appropriately the anesthetics and to recognize contraindications, such as malignant hyperthermia.
In this review, we summarize the requirements for inhaled sedation in COVID-19 patients under ECMO therapy, and we highlight the technical aspects of administration of volatile anesthetics. 

RESPIRATORY MANAGEMENT IN COVID-19 PATIENTS
Continuous monitoring of oxygen saturation in the patient is necessary, since a drop in saturation indicates a severe progression of COVID-19. If oxygen levels fall, respiratory management is required, but spontaneous breathing should be maintained as long as possible and reasonable. A number of approaches to support spontaneous breathing is available and has been comprehensively summarized elsewhere[10]. A schematic overview of the strategy for respiratory management in COVID-19 patients is presented in Figure 1. 
The use of nasal cannula is the first method of choice; however, the fraction of inspired oxygen (FiO2) is limited to 0.3 to 0.4. If insufficient, high flow nasal cannula produces a high flow and continuous positive airway pressure, capable of achieving higher FiO2. This can be further supported by shifting the patient in a prone position[11]. The last resort of noninvasive intervention for respiratory management is the use of bilevel positive airway pressure and pressure support ventilation. These measures are capable of providing high FiO2 and can be combined with placing the patient in prone position for further support. It should be mentioned that these measures require high quality masks for respiration to prevent pressure injuries on the skin or the nose of the patient.
Severe hypoxia, which is associated with COVID-19 related ARDS, impairs consciousness, vigilance, or compliance. For instance, impaired compliance of the patient can hinder the use of facial masks, leading to a dramatic drop in oxygen saturation. Consequently, severe hypoxia requires invasive measures, e.g., endotracheal intubation. The decision to initiate this invasive intervention has to be made with the patient, or the relatives if necessary, and requires an open discussion on respiratory management. After intubation, a bronchoscopy or a thoracic drainage system should be considered, and the patient should be placed in prone position to support breathing. The specific type of invasive intervention depends on ventilation pressure and lung compliance.
If the partial pressure of oxygen/FiO2 ratio drops below 150 mmHg, the patient should be placed in prone position for more than 12 h[12]. Individual measures can be taken to manage severe hypoxia, such as application of inhaled nitric oxide, muscle relaxants, or recruitment maneuver. If respiratory function remains poor (i.e. lower than 20 mL/mbar, partial pressure of oxygen/FiO2 ratio less than 80 mmHg, or pH less than 7.25) despite prone positioning, veno-venous ECMO is the last resort to save the life of the patient[13,14]. 
Deploying an ECMO system can only be considered if all other approaches are unsuccessful and if there are no contraindications[15]. ECMO therapy can cause adverse events and suboptimal responses, in particular in COVID-19 patients who are predisposed to bleeding and thrombotic complications[16]. Such events could suggest withdrawal of ECMO therapy. Furthermore, a recent study reported an in-hospital mortality of 37.4% for patients with severe COVID-19 related ARDS 90 d after the initiation of ECMO therapy[17]. This highlights the importance of an open discussion with the patient and relatives at an early stage in order to clarify treatment goals, expectations, and possible outcomes as well as to obtain consent from the patient regarding continuation or discontinuation of therapy[18].
During ECMO therapy, patients with ARDS in prone position should be kept in at least light sedation, corresponding to a Richmond Agitation-Sedation Scale of ≥ 2[12]. Sedation is associated with side effects such as delirium, respiratory depression, and immunosuppression. Further, deep sedation is a risk factor for COVID-19 patients and is associated with poorer outcome. Thus, sedation must be monitored carefully. Processed electroencephalogram monitoring is a very useful approach to assess anesthesia and to recognize burst suppression. In case of inhaled sedation, measurement of the end-tidal gas concentration or the corresponding minimum alveolar concentration is a recommended approach. If Richmond Agitation-Sedation Scale increases during ECMO therapy, intravenous sedation is necessary to stabilize the depth of sedation.

ADMINISTRATION OF VOLATILE ANESTHETICS DURING ARDS THERAPY
The prerequisite for using the Anaesthetic Conserving Device (ACD) AnaConDa® (Sedana Medical AB, Danderyd, Sweden) or the MIRUSTM system (TIM, Koblenz, Germany) depends on several clinical parameters (see Figure 1). If lung compliance is acceptable, and CO2 can be reduced sufficiently, both types of systems are able to maintain spontaneous breathing[19-21]. However, if lung compliance is poor, reduction of dead space and active humidification is necessary, which can be facilitated by inhaled sedation via a circle breathing system[22,23].
The AnaConDa® system is capable of achieving adequate sedation with isoflurane or sevoflurane. In addition to isoflurane and sevoflurane, the MIRUS system can also apply desflurane.

ADMINISTRATION OF VOLATILE ANESTHETICS DURING ECMO THERAPY
The pathophysiological basis for COVID-19 related ARDS is the altered blood-air barrier. The diffusion distance for adequate gas exchange in the lung alveoli is impaired by inflammation, edema, and accumulated mucus. These impairments severely limit O2 uptake and CO2 release. However, volatile anesthetics are still able to establish an effective concentration in the blood stream under ARDS conditions, provided the necessary concentration gradient is maintained[24,25]. Volatile anesthetics show superior diffusion properties than O2 and CO2, which can be attributed to the lipophilic nature of the anesthetic gas. Only if both the tubus and the bronchial system are completely clogged, intravenous sedation is necessary.
The ECMO system itself can be used for administration of volatile anesthetics[26,27]. This requires installation of a vaporizer into the oxygen tube and connection of a pipe for exhaust gas removal to the outlet and the negative pressure device. The inhaled and exhaled portion of the anesthetic gas must be carefully monitored in order to determine the depth of sedation and to detect possible leakage. Since leakage can easily lead to pollution of the intensive care unit (ICU), a proper scavenging system is crucial. Nonetheless, it must be noted that these scavengers can create high back pressure that increases the risk for gas embolism. Another important technical aspect to take into consideration is the type of membrane oxygenator. Transmembrane passage of the anesthetic gas is facilitated only via hollow‑fiber membrane oxygenators, which are made of polypropylene. If the oxygenators are made of poly‑(4‑methyl‑1‑pentene), they do not permit transmembrane passage. In this case, volatile anesthetics have to be administered via an anesthetic gas reflection system.
One major anesthetic gas reflection system is the AnaConDa® system, which is commercially available as a larger version, i.e. ACD-100, and a smaller version, i.e. ACD-50 (which is also known as AnaConDa®-S) (Figure 2). The other major gas reflection system is the MIRUSTM system (Figures 3 and 4). Recent studies showed that the AnaConDa® systems can be used successfully for sedation of ARDS patients during ECMO therapy[20,28,29]. Similarly, a study using the MIRUSTM system demonstrated successful application of inhaled sedation for ECMO therapy in patients with COVID-19 related ARDS[30].
The CO2 signal has no effect on the performance; nonetheless, a CO2 pressure of at least 10 mmHg is an indication for an open and managed airway and is associated with a higher survival rate[31, 32]. Consequently, the authors call for a minimum of 10 mmHg as standard for the AnaConDa® system. If this minimum cannot be maintained by adjusting the ventilation, the level of sedation must be monitored carefully and, if necessary, complemented by intravenous sedation of the patient.
By contrast, the MIRUSTM system requires an end-tidal CO2 pressure of at least 15 mmHg. If the end-tidal CO2 pressure drops below 12 mmHg, the MIRUSTM system stops administering the anesthetic, indicated by a red alert. This could result in the inadvertent awakening of the patient, which would then require intravenous sedation to restore anesthesia.
The most recent MIRUSTM systems (starting from version 2.0 onward) indicate a tidal volume of less than 200 mL by a yellow alert (Figure 5). During ECMO therapy, the minimum respiratory minute volume falls frequently below the minimum tidal volume of the MIRUSTM system. The yellow alert can be acknowledged in order to continue administration; however, this procedure is associated with the risk of overdosing with the anesthetic. In case of isoflurane, the MIRUSTM system displays a higher gas concentration under ECMO therapy. Hence, a concentration of more than 2% can be displayed, although it does not correspond to the actual end-tidal values. Because higher effective concentrations are required for the same MAC with sevoflurane and desflurane, this effect is not as pronounced with these gases. Nevertheless, the operator should choose the lowest wash-in speed (i.e. the setting “tortoise”) for all of three anesthetics isoflurane, sevoflurane, and desflurane (Figure 5). 
An important consideration for the application of anesthetic gas reflection systems is the volume of a breath that does not participate in gas exchange, i.e. the dead space. The volumetric dead space of the MIRUSTM system is 100 mL[19], whereas the volumetric dead space for the AnaConDa® system ACD-100 is 100 mL and 50 mL for the ACD-50[23]. However, the ECMO system eliminates CO2 effectively. Thus, volumetric and reflective dead space of the anesthetic gas reflection systems are irrelevant for ECMO therapy.
Another alternative device for administration of volatile anesthetics is the circle breathing system. Usage of this system has been reported during the ongoing SARS-CoV-2 pandemic. However, to the best of our knowledge, the deployment of a circle breathing system in conjunction of ECMO therapy in the ICU has not been described in literature.

CONSUMPTION OF VOLATILE ANESTHETICS IN COVID-19 RELATED ARDS THERAPY USING ECMO
The SARS-CoV-2 pandemic is estimated to be one of the most expensive natural disasters in recorded history[33]. Besides economic repercussions due to the containment measures, adequate treatment of patients causes a substantial financial strain for the global health care systems. ECMO, in particular, is a very expensive procedure, and thus the reduction of associated costs is highly desirable. Treatment of COVID-19 related ARDS requires larger amounts of sedatives than treatment of non-COVID-19 patients. Consequently, treatment of COVID-19 patients, who undergo invasive mechanical ventilation without ECMO therapy, demands a large consumption of anesthetics. However, administration of volatile anesthetics with the AnaConDa® systems ACD-100 or ACD-50 during ECMO therapy is very cost-effective, as the low respiratory minute volume yields a usage of only 1 mL/h to 3 mL/h. The consumption of volatile anesthetics by the MIRUSTM system is in a comparable range and is estimated to be 3 mL/h to 5 mL/h (unpublished data). 
Besides consumption, a certain amount of anesthetic gas is lost in the delivery system, i.e. at the exhalation outlet of the ventilator or at the oxygenator of the ECMO device. The exhalation outlet has the advantage that the gas flow can conduct viral particles and hence reduces the risk of infection for the health care personnel[34,35]. The oxygenator was used initially for intraoperative delivery of the anesthetic gas but modern reflection systems require containment of volatile anesthetics. For instance, the oxygenator of the Cardiohelp System (Getinge Group, Gothenburg, Sweden) does not leak anesthetic gas, according to the manufacturer and independent researchers[26]. While the loss of anesthetic gas via the oxygenator is theoretically still possible, instruments in the ICUs usually lack such device.

HYGIENE MEASURES FOR COVID-19 RELATED ARDS
Respiratory management has also to take into account the SARS-CoV-2 infection. Hence, tracheotomy is often avoided if the patient shows a high viral load. Nevertheless, tracheostomy is suggested to improve the outcome of COVID-19 patients, in particular, if the intervention is performed between day 13 and day 17 post intubation[36]. 
The handling of medical devices and instruments requires strict hygiene measures. Firstly, a closed suction system is mandatory (Figures 2 and 3). Secondly, the tube has to be clamped off prior to disconnect it from heat and moisture exchanger filters. 
Here, the MIRUSTM system has an advantage since the heat and moisture exchanger filters are integrated in the device, so that the controller and measuring units remain in a clean and safe distance. By contrast, the AnaConDa® systems measure the concentration of the anesthetics in close proximity to the patient and hence are exposed to a high risk of contamination. However, the water trap at the gas monitor is sealed, which prevents intrusion of viral pathogens.
In order to connect either the MIRUSTM or the AnaConDa® system to the vacuum connection on the ICUs, a suitable gas flow conduction system is required. The CleanAirTM system (TIM, Koblenz, Germany) is recommended for gas flow conduction, because it is independent of the reflector (Figure 6). It operates well under vacuum, is sealed off the environment, and thus eliminates the risk of disseminating viral particles in the air[35].

OCCUPATIONAL ANESTHETIC GAS EXPOSURE WHILE USING ECMO THERAPY
The use of volatile anesthetics is beneficial for the treatment of patients with SARS-CoV-2 infection, but the exposure of health care professionals to waste anesthetic gas is a concern. Poor air-conditioning in ICUs and inconsistent international limits for anesthetic gas concentrations amplify the problem. The United States National Institute of Occupational Safety and Health defined an exposure limit of 2 ppm for isoflurane, sevoflurane, and desflurane, but other countries use higher exposure limits[35,38]. Most studies on air pollution report gas concentrations of less than 2 ppm while using MIRUSTM or AnaConDa® systems in mechanically ventilated patients; nonetheless, these studies use an air-conditioning system with at least six air exchanges per hour and a scavenging system (e.g., vacuum-based open reservoir gas scavenging systems or adsorbers with activated charcoal)[35,38,39]. 
To the best of our knowledge, there are no studies focusing on occupational gas exposure by inhalational sedation in patients undergoing ECMO therapy. Nevertheless, Meiser and colleagues observed that gas consumption during isoflurane sedation via AnaConDa® was exceptionally low, and they concluded that the sweep gas of the oxygenator did not contain the volatile anesthetic[20]. Our group measured the air pollution using photoacoustic gas monitoring in a similar setting (single room, isoflurane via AnaConDa®, vacuum-based scavenging system, air-conditioning with 11 air exchanges per hour) and detected concentrations of approximately 0.5 ppm to 2 ppm (unpublished data). Obviously, a proper application of all systems must be ensured as well as “good workplace practice”, including leak testing of the respirator and training of health care professionals. The conformity between the applied systems and respirators is of particular importance, as problems may occur even without active suction.

OUTCOME OF ECMO THERAPY
ECMO therapy is associated with high mortality and hence is deemed as the last resort after all other possible interventions failed. In case of COVID-19 related ARDS, the mortality 90 d post ECMO initiation is very high[17]. Besides the high mortality, ECMO therapy is also associated with a number of long-term effects, which are known from ICU survivors.
Postintensive care syndrome describes the impairments in physical function as well as cognitive and mental health that ICU survivors experience. The aftermaths of influenza A H1N1 or SARS showed that this syndrome can persist for years and hamper recovery[40]. In addition, a substantial portion of ICU survivors suffers from post-traumatic stress disorder. The data on ECMO survivors is sparse, but a limited number of studies demonstrated that these patients show impaired recovery, chronic pain, and mental illness, including post-traumatic stress disorder for up to 3 years after hospitalization[41-44]. Only very few studies suggest that ECMO treatment had no effect on ARDS patients after initiation of therapy[45]. Consequently, the authors of this article emphasize that indication for ECMO therapy must considered very carefully.
The application of inhaled sedation for ECMO treatment has a number of advantages. For instance, the supply of volatile anesthetics is currently not limited, in contrast to intravenous anesthetics. Volatile anesthetics are also less hallucinogenic, and patients require less opiates during inhaled sedation than during intravenous sedation. If applied properly, volatile anesthetics allow easier control of the depth of sedation of the patient, even if gas exchange is severely limited by COVID-19 related ARDS. Furthermore, the volumetric and reflective dead space of the delivery systems as well as CO2 retention are negligible for ECMO therapy. So far, few studies reported the successful application of isoflurane and sevoflurane for ECMO therapy[6-8]. The application of volatile anesthetics depends on adequate delivery and gas scavenging systems, which are not established in all ICUs[9]; however, the lack of electronic infusion pumps for intravenous sedatives due to the SARS-CoV-2 pandemic could be an incentive to equip ICUs with such hardware.
Currently, the application of volatile anesthetics for inhaled sedation during ECMO treatment is still not widely established. Consequently, the health care personnel lacks the adequate training for application of this procedure as well as for recognizing contraindications of which malignant hyperthermia is the most notable one.

CONCLUSION
In COVID-19 related ARDS, inhaled sedation demonstrated many advantages, including spontaneous breathing and deep sedation in prone position. Inhaled sedation also allows safe monitoring of sedation depth via measurement of the anesthetic gas. In addition, veno-venous ECMO avoids problems concerning dead space and CO2 increase, as sometimes seen during inhaled sedation via AnaConDa® or MIRUSTM. Further, inhaled sedation allows administration of isoflurane, which shows favorable properties, especially in light of the shortage of intravenous sedatives. This procedure, however, requires preparation and training. Hence, medical professionals should use the time of moderate occupancy rates in the ICUs accordingly.
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Figure Legends
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Figure 1 Overview of respiratory management of coronavirus disease 2019 related acute respiratory distress syndrome and inhaled sedation. 1AnaConDa®; 2MIRUSTM. RASS: Richmond Agitation-Sedation Scale; PSV: Pressure support ventilation; BIPAP: Bilevel positive airway pressure; FiO2: Fraction of inspired oxygen; PaO2: Partial pressure of oxygen; P/F-ratio: PaO2/FiO2; VV-ECMO: Veno-venous ECMO. 
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Figure 2 AnaConDa-S® system set up in prone position. 1Closed loop suction system; 2Port to monitor the volatile anesthetic and CO2; 3AnaConDa®-S with anesthesia gas reflector, bacterial and viral filter, and heat and moisture exchanger; 4Evaporator with liquid line from syringe pump and liquid isoflurane or sevoflurane.
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Figure 3 MIRUSTM setup in prone position and veno-venous-extracorporeal membrane oxygenation therapy. 1Closed suction system; 2Bacterial and viral filter and heat and moisture exchanger; 3MIRUSTM reflector.
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Figure 4 Display of the MIRUSTM sevoflurane controller. The display shows the setting under normal operation.
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Figure 5 Display of the MIRUSTM controller. Yellow alarm refers to a low tidal volume. In this case, the wash-in speed “tortoise” should be selected.
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Figure 6 Example of a vacuum-based gas scavenging system (CleanAirTM system). 1Expiration port of the ventilator; 2Open reservoir scavenging system; 3Vacuum line.
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