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Abstract
Systemic air embolism through a bronchovenous fistula (BVF) has been described in patients undergoing positive-pressure ventilation. However, no report has mentioned the potential risks of systemic air embolism through a BVF in patients undergoing extracorporeal membrane oxygenation (ECMO). Positive-pressure ventilation and ECMO support in patients with lung injury can increase the risk of systemic air embolism through a BVF. Increased alveolar pressure, decreased pulmonary venous pressure, and anticoagulation are thought to be the factors that contribute to this complication. Here, we present a case of systemic air embolism in a patient with ECMO and mechanical ventilator support.
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[bookmark: __DdeLink__1793_900085339]Core tip: Sudden deterioration of patients during extracorporeal membrane oxygenation support is not unusual. Usually, it is thought to result from the critical illness of the patients. This report suggests that some such cases may be related to bronchovenous fistula, which causes cerebral and coronary air embolisms.
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INTRODUCTION
Air in the extracorporeal membrane oxygenation (ECMO) circuit (1.4%-4.6%) can lead to systemic air embolism[1-3]. In most cases, the air source is the venous system, and massive systemic air embolism is rare. The known origins of air embolism include the venous cannula, central venous catheter, membrane oxygenator, and cavitation[4]. In most studies, the lung is not considered a source of air embolism in ECMO support. However, massive systemic air embolism can occur in patients with positive pressure ventilation[5,6]. When there is an injury to the lung and the alveolar pressure exceeds pulmonary venous pressure, air can enter the systemic circulation through the pulmonary vein. This is known as bronchovenous fistula (BVF) and causes massive cerebral and myocardial air embolism[7,8]. No previous report has considered the possibility that ECMO can contribute to the development of air embolism through BVF. We present a case of systemic air embolism in a patient undergoing ECMO support and mechanical ventilation.

CASE REPORT
A 47-year-old man was admitted to the emergency room for chest pain. He had a medical history of hypertension and diabetes mellitus. His initial blood pressure and heart rate were 80/50 mmHg and 124/min, respectively. Electrocardiography (ECG) showed ST-segment elevation on leads V2-V4. The troponin I concentration was 102 ng/mL. Cardiac arrest developed and cardiac massage was initiated. The patient was intubated with a 7.5 Fr endotracheal tube and was manually ventilated with an ambu bag. During bagging, bloody secretion was observed in the endotracheal tube. An intra-aortic balloon pump was inserted through the left femoral artery. Because of severe cardiac dysfunction and ventricular arrhythmia, ECMO (Capiox EBS, Terumo Corp., Tokyo, Japan) was applied through the right femoral vein and artery. Emergency coronary angiography (CAG) revealed total occlusion of the proximal left anterior descending artery and up to 40% diffuse stenosis of the right coronary artery (RCA). A coronary artery stent was inserted into the left anterior descending artery. After the procedure, the patient was supported with mechanical ventilation. The ventilator was set in the pressure-control mode with an FiO2 of 0.8, peak end expiratory pressure of 6 cmH2O, peak pressure of 26 cmH2O, and respiratory rate of 12/min. The follow-up chest X-ray revealed haziness in the right upper lung field (Figure 1). The patient’s hemodynamic condition and consciousness level had gradually improved; he became able to follow commands and open his eyes in response to stimulation. His hourly urine output had increased, and the inotropic agent was withdrawn. ECMO flow was decreased from 3.5 L/min to 1.0 L/min. Five hours after percutaneous coronary intervention (PCI), he experienced a sudden decrease in blood pressure from 120/70 mmHg to 60/40 mmHg and bradycardia, as low as 15/min, which recovered after administration of atropine and epinephrine. The ECMO circuit was immediately examined for any flow disturbance but no abnormal sign or dysfunction was found. ECMO flow was increased up to 3.0 L/min. The 12-lead ECG results suggested acute inferior and anteroseptal wall ischaemia (Figure 2). The follow-up CAG showed no evidence of occlusion or significant stenosis of coronary vessels. Echocardiography did not show any evidence of an intracardiac shunt or pericardial tamponade, but severe dysfunction of the left ventricle was detected. Acute neurological deterioration was also present; his Glasgow Coma Scale score was 4. Because of the unexplained neurologic dysfunction, a computed tomographic brain scan was taken revealing a massive cerebral air embolism (Figure 3). The patient was placed in the Trendelenburg position. Although he did not have a central venous catheter (Figure 1), all indwelling catheters, including the ECMO circuit, were inspected for a possible origin of the air embolism, but we found no defect. Despite resuscitation measures, the patient’s condition became aggravated and he died 10 h after the sudden deterioration.

DISCUSSION
Systemic air embolism is a dreaded complication in ECMO support. Several sources of air emboli are known: The venous cannula, central venous catheter, membrane oxygenator, and cavitation[4]. In this case, there was a massive cerebral air embolism. If such a large amount of air originated from the venous system, air should have been detected in the ECMO circuit. However, no air was detected in the ECMO circuit including the oxygenator and the cone of the centrifugal pump. The systemic air embolism could not be explained until a pulmonary origin of the air embolism was suspected.
No previous report has mentioned the lung as a source of systemic air embolism in patients with ECMO support. However, systemic air embolism can result from the interface between the alveoli and pulmonary veins known as BVF[5–8]. BVF causes massive cerebral and coronary air embolism in neonates with mechanical ventilation and in adults who have lung injury and are supported by positive pressure ventilation[9,10]. The underlying mechanism is increased alveolar pressure exceeding pulmonary venous pressure and shift of air through the damaged pulmonary vasculature[6]. Loss of consciousness from cerebral air embolism and sudden bradycardia from RCA occlusion with air emboli are the prominent signs of air embolism caused by BVF[6–8]. These clinical features closely resemble those of our case.
There are a number of ECMO-related factors that might contribute to the increased risk of systemic air embolism originating from a BVF. One factor is decreased venous return to the heart. ECMO (VA mode) drains venous blood, thereby decreasing venous return, and lowers pulmonary venous pressure, which consequently increases the chances of alveolar air entering the vascular system. Many patients receive CPR before ECMO support. Manual ambu bagging with cardiac massage during CPR can cause lung injury, forcing air to enter the pulmonary vein[11]. The use of anticoagulation prevents sealing of the injured vascular bed of the lung, increasing the risk of air embolism. When these patients are supported by positive pressure ventilation, which is often the case, the air can enter the vascular system through the injured alveoli. LV diastolic pressure can fall below zero in mitral stenosis patients[12]. Under ECMO support where LV diastolic volume is reduced, the diastolic LV pressure may drop to negative pressure when the LV function returns to normal (e.g., after PCI). Consequently the risks of BVF air embolism will increase. Because of these clinical conditions, patients with ECMO support have increased risk of developing air embolism originating from BVF.
[bookmark: __DdeLink__711_779591932]Although there are a number of factors that can increase the risk of air entrance into the pulmonary vein, it seems that the actual systemic air embolism does not occur until there is enough left ventricular blood flow. The patient did not show any sign of systemic air embolism when fully supported with ECMO. The systemic air embolism developed after we decreased ECMO flow. In the case report about ECMO-related systemic air embolism, the author described a large oscillating air bubble detected in the aortic root immediately after initiation of the IABP[13]. These clinical features suggest that the air embolism might take place in two phases. First, the air in the alveolar space enters into the pulmonary vein. It is trapped in the pulmonary vein, left atrium or left ventricle depending on the position of the patient. Secondly when there is enough left ventricular blood flow, the air bubbles move into the aorta and peripheral arteries causing systemic air embolism.
Evidence of air entrance through BVF in patients with ECMO support has not been reported except in a pediatric patient who had Total anomalous pulmonary venous return (TAPVR) and was supported with ECMO[2]. In that case, air was detected in the venous cannula during ambu bagging because there was a residual pulmonary vein-SVC connection. Air embolism through the lung during CPB has been reported[14,15]. These air embolisms were detected after left ventricular beating was started during open heart surgery. Common features of these cases include anticoagulation, lung injury, CPB, and positive pressure ventilation. We searched for cases of air embolism through BVF in ECMO support. There is one case report to compare with our case[13]. The case was similar to our case in that the patient had AMI and received CPR followed by ECMO support and PCI[13]. According to the case report, IABP was inserted through the femoral artery in the intervention room to enhance coronary perfusion and decrease afterload. Immediately after IABP was started, a large air bubble was detected in the aortic root. The author admitted that the origin of the air was unknown and suggested the IABP sheath would be a possible source of the air. However, air entering the arterial system without a pressure gradient is unlikely. Considering the clinical conditions, which resembled those in our case, we believe that a BVF was the origin of the air embolism in that case.
One might wonder why there have been no reports about ECMO-related BVF air embolism. Gas in the systemic circulation is extremely difficult to document[5]. As is our experience, sudden deterioration of patients with AMI prompts a search for cardiac problems, and the possibility of cerebral air embolism might be overlooked. Even though scarce in the literature, there might be more ECMO-related BVF air embolisms than we think because CPR and ECMO support followed by PCI is common clinical practice. Sudden loss of consciousness and bradycardia in a patient with ECMO support might be a sign of cerebral and coronary air embolism caused by BVF. Avoiding high pressure ventilation setting might help to lower the risk of this complication. Because systemic air embolism is often lethal and there is no effective treatment available, prevention of this complication is of key importance. To reveal the true incidence of BVF air embolism in ECMO support and to prevent this devastating complication, clinicians should be aware of the possibility of air embolism from BVF in patients with ECMO support.

ARTICLE HIGHLIGHTS
Case characteristics
A 47-year-old male with extracorporeal membrane oxygenation (ECMO) support developed sudden cardiogenic shock and loss of consciousness.

Clinical diagnosis
The electrocardiography finding suggested acute inferior and anteroseptal wall ischaemia and the loss of consciousness was thought to be the consequence of the cardiogenic shock because the ECMO flow was low.

Differential diagnosis
Differential diagnosis includes acute myocardial infarction, cerebral thromboembolism and cerebral hemorrhagy.

Imaging diagnosis
Brain CT showed massive cerebral air embolism.

Treatment
The patient was placed in the Trendelenburg position.

Related reports
Bronchovenous fistula (BVF) can cause systemic air embolism when the alveolar pressure exceeds pulmonary venous pressure.

Term explanation 
BVF is a connection between alveolar and pulmonary vein caused by pulmonary injury.

Experiences and lessons
ECMO support can increase the risk of systemic air embolism caused by BVF fistula and this complication should be suspected when there is sudden bradycardia with loss of consciousness.
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[image: air embolism_ChestAP_CPR1]Figure 1 Chest X-ray in the critical care unit. Right upper lung field infiltration is visible. There is no central venous catheter.



[image: Park_Figure1_EKG]
Figure 2 Electrocardiogram after the development of sudden hypotension and loss of conciousnessconsciousness. The electrocardiogram shows inferior wall infarction.
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[bookmark: _GoBack]Figure 3 Brain computed tomography image after the development of sudden hypotension and loss of conciousnessconsciousness. A massive cerebral air embolism is observed.
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