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Extracorporeal membrane oxygenation (ECMO), a life-saving technique for patients with severe respiratory and cardiac diseases, is being increasingly utilized worldwide, particularly during the coronavirus disease 2019(COVID-19) pandemic, and there has been a sharp increase in the implementation of ECMO. However, due to the presence of various complications, the survival rate of patients undergoing ECMO remains low. Among the complications, the neurologic morbidity significantly associated with venoarterial and venovenous ECMO has received increasing attention. Generally, failure to recognize neurologic injury in time is reportedly associated with poor outcomes in patients on ECMO. Currently, multimodal monitoring is increasingly utilized in patients with devastating neurologic injuries and has been advocated as an important approach for early diagnosis. Here, we highlight the prevalence and outcomes, risk factors, current monitoring technologies, prevention, and treatment of neurologic complications in adult patients on ECMO. We believe that an improved understanding of neurologic complications presumably offers promising therapeutic solutions to prevent and treat neurologic morbidity.
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INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is an increasingly utilized technique for patients with refractory respiratory and cardiac diseases. Depending on the patient's condition and disease progression, numerous types of ECMO configurations are available. The two most common modes are venoarterial (VA) and venovenous (VV) ECMO (1). ECMO drains venous blood using a centrifugal pump to allow extracirculatory gas exchange (oxygenation and carbon dioxide removal) through an artificial membrane; the oxygenated blood then returns to the circulation through the large arteries (VA ECMO) or through a central vein (VV ECMO). This technique has demonstrated remarkably increasing implementation, as it is consistently utilized as a bridge to recovery and can improve outcomes. Among the complications that can develop during ECMO support, those affecting the nervous system are common and associated with poor survival. In critically ill patients, especially those who received ECMO, median in-hospital mortality is higher in patients with neurologic injury than in those without (2–4). This article reviews the prevalence and outcomes, risk factors, and clinical strategies for neurologic complications in patients on ECMO.



NEUROLOGIC COMPLICATIONS OF PATIENTS ON ECMO


Short-Term Complications

Short-term neurologic complications, which usually occur during or immediately after ECMO, mainly consist of intracranial hemorrhage (ICH), acute ischemic stroke (AIS), seizure, hypoxic-ischemic brain injury (HIBI), and brain death. The prevalence and mortality of neurologic complications vary across different adult ECMO centers (Table 1). However, the true prevalence may be underestimated; some patients with neurologic complications may have been diagnosed with multiple organ failure and thus may have died without undergoing neuroimaging, while in other instances, a lack of routine neurologic monitoring and standardized diagnostic criteria may have masked the prevalence of neurologic complications. Because research regarding neurologic injury in hybrid ECMO modes is lacking, this paper specifically focuses on neurologic complications in patients on VA and VV ECMO.


Table 1. Studies investigating the prevalence and mortality of neurologic complications in adult patients on ECMO.
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Neurologic Complications in VA ECMO

VA ECMO is an effective mechanical circulatory support system that rapidly restores systemic perfusion in patients with poor cardiac function (12, 13). Neurologic complications are reported more frequently for patients on VA ECMO than for those on VV ECMO (2, 6, 11). The higher incidence is probably due to the inclusion of patients undergoing extracorporeal cardiopulmonary resuscitation (ECPR). One study showed that almost one-third of patients undergoing ECPR experienced neurologic complications, with brain death being the most frequent complication in the ECPR group (14). In addition, a meta-analysis found that upon excluding studies including an ECPR population, overall neurologic complications were similar between patients on non-ECPR VA ECMO and VV ECMO (5). According to previous research, AIS is the predominant complication in patients on VA ECMO, probably owing to the reduced blood flow in the left side of the heart and thrombosis in the cardiac circuit or cannula (15, 16). Meanwhile, in patients supported with peripheral VA ECMO, a distinctive phenomenon called differential hypoxia or Harlequin syndrome can occur once combined with residual heart function and respiratory failure due to ejection of deoxygenated blood from the left heart to the aorta, which can result in brain and upper body hypoxia relative to the lower body (17–19). Recently, some studies describing brain autopsies for decedents who previously received ECMO showed a high proportion of HIBI in VA ECMO patients (20, 21); hence, we must highlight these important concerns.



Neurologic Complications in VV ECMO

VV ECMO provides pulmonary support for patients with severe acute refractory and reversible respiratory failure and enables lung-protective ventilation (22). For patients supported with VV ECMO, ICH is the predominant neurologic event and is associated with high mortality (9, 10). The most common types of ICH are subarachnoid hemorrhage and petechial intraparenchymal hemorrhage. Notably, ICH often occurs at an early stage, even immediately after ECMO initiation, without persistent coma or other positive neurologic signs (anisocoria, mydriasis, etc.) (9, 10, 23, 24). Remarkably, one study with severe respiratory failure patients supported using VV ECMO showed that a significant proportion of ICH occurred at admission (within 6 h of ECMO implantation). Neurologic injury at the pre-clinical stage could possibly be detected with a higher and earlier proportion of cranial computed tomography (CT) scans (9). Owing to meticulous anticoagulation therapy and frequent clinical neurologic assessment after prior detection, the above-mentioned study showed a considerable survival among patients on VV ECMO with ICH compared with many other reports (8, 10, 11). Therefore, earlier identification and intervention are associated with survival and good neurologic outcomes.



Long-Term Complications

During long-term follow-up, survivors treated with ECMO often experienced depression, anxiety, and post-traumatic stress after discharge (25–27). Interestingly, in a prospective observational study with a mean follow-up time of 23 months, some subtle neurologic complications were detected; ECMO patients had an evidently increased patellar tendon reflex and right gastrocnemius tendon reflex, which impaired quality of life and psychological health (28). In addition, a systematic review recently showed that ECMO survivors variably displayed cognitive and psychiatric symptoms more than a year after discharge that reduced their quality of life (29). However, some studies have shown that patients treated with VV ECMO for respiratory failure may have normal cognitive function years after treatment if they were not affected by cerebrovascular lesions (30, 31). Nevertheless, it is important for survivors to undergo neuroimaging at the time of discharge. Furthermore, to improve the quality of life, high-risk patients should be followed up to monitor their neuropsychological condition.




RISK FACTORS

Changes in cerebral autoregulation and perfusion and coagulopathy (due to illness or anticoagulation strategy) may increase the risk of neurologic injury in patients on ECMO (24). Importantly, it is difficult to determine whether neurologic injury is related to ECMO support or to the primary illness (severe hypoxemia, shock state, coagulation dysfunction, etc.) and treatment (mechanical ventilation, vasoactive agent administration, etc.). Different studies have revealed a variety of risk factors for neurologic complications in patients on ECMO (2, 6–10, 32, 33) (Table 2), which may be explained by the differences in the ECMO centers in which these studies were conducted, including the device, anticoagulation management, and proportion of cranial CT scans implemented as well as individual patient differences. However, regression analyses cannot demonstrate a direct cause-effect relationship, and more studies are needed to better define the causes of neurologic complications associated with ECMO.


Table 2. Risk factors for neurologic complications in adult patients on ECMO in selected studies.
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CLINICAL STRATEGIES


Neurologic Monitoring Methods

For patients with neurologic complications on ECMO that are usually associated with poor outcomes, clinical strategies to recognize these complications in a timely manner should be considered. Clinicians and nurses should routinely perform neurologic examinations on patients on ECMO support, including the Glasgow coma scale, pupil examinations (size, shape, equality, reflex to light), and brainstem reflex, tendon reflex, and pathological reflex tests. However, patients undergoing ECMO are always sedated, and positive signs of neurologic injury may be missed despite the implementation of comprehensive clinical examinations. In addition, some patients on ECMO remain comatose after weaning from sedation and neuromuscular blocking agents; in these situations, safe, non-invasive, high-sensitivity and high-specificity monitoring methods should ideally be implemented early. The current monitoring methods for neurologic injury in patients on ECMO are presented in Table 3.


Table 3. Current non-invasive clinical technologies for neurologic monitoring in patients on ECMO.
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Neurological Pupil Index

Conventional methods of pupillary evaluation are affected by the examiner's subjectivity. Nevertheless, the neurological pupil index (NPi), an automated pupillary assessment tool that combines multiple quantitative variables, such as minimal and maximal pupil sizes, constriction velocity and latency, to calculate a single index, is a sensitive measure of pupillary reactivity that can be used as an early, non-invasive indicator of increasing intracranial pressure (ICP) (34–36). Neurologic deterioration is associated with a sudden drop in the NPi value below 2.8, regardless of the side of the lesion (37). In addition, the NPi might be a useful parameter for estimating the severity of aneurysmal subarachnoid hemorrhage, in which reduced NPi values are associated with poor clinical outcomes (38). Recently, a single-center study showed that an abnormal NPi <3 from 24 to 72 h following VA ECMO insertion had 100% specificity and 53% sensitivity in predicting 90-day mortality (39). However, several aspects should be considered when the NPi is applied. In critically ill patients, the NPi is affected by ambient light; the use of an opaque rubber cup could reduce the effect of ambient light conditions on quantitative pupillometry (40, 41). The NPi is influenced to a small degree by sedation analgesia, but high concentrations of opioids may unduly affect its value (42). Finally, the pupillary light reflex, when assessed using a pupillometer, is not dependent on eye color (43). Further research on establishing the correlation between NPi and neurologic outcomes in ECMO patients is needed.



Near-Infrared Spectroscopy

Cerebral near-infrared spectroscopy (NIRS) is widely used as a validated, continuous, and non-invasive method for monitoring variations in regional oxygen saturation (rSO2) in patients undergoing ECMO. Cerebral NIRS can function as a first-alert monitor to warn of neurologic complications occurring in patients on both VA and VV ECMO (44). During NIRS monitoring, acute cerebral complications were more frequent in VA ECMO patients with the lowest rSO2 value (optimum cutoff value 52%, sensitivity 71% and specificity 72%) or a large right–left rSO2 difference (>10%) (45). A single-center prospective cohort study of VA ECMO patients found that all patients with acute brain injury experienced rSO2 desaturation during ECMO, indicating that normal rSO2 values are extremely sensitive in predicting patients who will not suffer from neurologic injury (46). More recently, one study showed that cerebral NIRS was a useful, real-time bedside neuromonitoring monitor, demonstrating that a drop in rSO2 > 25% from baseline (with a sensitivity of 86% and a specificity of 55%) predicted acute neurologic injury in patients on VA ECMO (47). Furthermore, cerebral NIRS has also been shown to correlate directly with cardiac output values. Cerebral tissue oxygenation is lowered during episodes of atrial fibrillation and ventricular fibrillation in patients on VA ECMO, indicating that cerebral oximetry readings could adequately reflect hemodynamic instability, as it is associated with a relative decrease in cerebral perfusion (48). However, despite its obvious benefits, NIRS can also be affected by irrelevant factors such as skin color and ambient light. Compared with minimum rSO2 values, decreases in rSO2 values from baseline may better predict the occurrence of acute brain injury.



Electroencephalography

EEG is a non-invasive technique to assess neurologic status in critically ill patients (49). Subclinical or electrographic seizures are common in critically ill populations, and continuous EEG monitoring can be used to detect pathologic changes such as non-convulsive seizures or status epilepticus. Moreover, the discovery of epileptic potential may change the management of antiepileptic drugs (50, 51). Table 1 shows that the prevalence of seizures in patients on ECMO is low, mainly due to the use of anesthetics and a lack of EEG monitoring. A multicenter retrospective cohort study demonstrated that non-convulsive seizures or status epilepticus are common in patients with COVID-19 undergoing clinically indicated continuous EEG, that electrographic seizures were an independent predictor of in-hospital mortality and that the presence of non-convulsive status epilepticus prolonged the time of hospitalization (52). Recently, some investigations have highlighted the importance of EEG in adult ECMO patients. One retrospective analysis on the background EEG signal of patients undergoing both VA and VV ECMO classified it into four categories: mild/moderate encephalopathy, severe encephalopathy, burst suppression and suppressed background (53). The researchers observed that 38% of patients presented with a severe EEG background abnormality, 15% of whom presented with seizures or periodic discharges. The occurrence of suppressed background EEG signals was significantly associated with both unfavorable neurologic outcomes and hospital mortality. However, the study did not standardize the timing for initiating EEG monitoring in all their patients. Two studies confirmed that background abnormalities on standard EEG at the early phase (1–3 d) were highly predictive of brain injury and poor outcome in patients on VA ECMO (54, 55). Furthermore, the authors also found that a lack of sleep transients on continuous EEG reflects the severity of brain dysfunction and might serve as an additional prognostic marker. However, the results of EEG depend on the experience and expertise of the technicians; quantitative EEG, on the other hand, is automated and may shorten the EEG review time with better sensitivity for neurologic monitoring in ICU patients (56, 57), but the evidence for adult patients on ECMO is insufficient, and further research is required.



Transcranial Doppler Ultrasound

Transcranial Doppler (TCD) ultrasound is a bedside technique that can be safely and easily performed in the intensive care unit (ICU). TCD ultrasound offers significant diagnostic value for patients supported by ECMO, providing direct measurements of the pattern of cerebral blood flow, hemodynamic reserve, and microembolic signals (MESs). Waveforms in patients supported by VA ECMO were demonstrated as continuous flows without clear systolic peaks (58). Furthermore, TCD ultrasound can be used to calculate mean flow velocities and pulsatility indexes for patients on VA ECMO (59). As we know, patients on VA ECMO with unrecovered cardiac function have continuous and non-pulsatile blood flow, which is absent in VV ECMO. In this situation, still it is difficult to decide whether TCD ultrasound can be used to confirm brain death due to its inability to detect non-pulsatile blood flow.

Early prognostication of brain death is important to avoid the implementation of ineffective therapy. A loss of spectral Doppler signal in the middle cerebral artery may be an indicator of brain death for patients with non-pulsatile arterial flow (60). During VA ECMO, it is necessary to detect a pulsed waveform in patients with spontaneous heart function or those who were treated with an intra-aortic balloon pump (61, 62); under these circumstances, TCD ultrasound can be a reliable test for diagnosing cerebral circulatory arrest.

Currently, TCD ultrasound is the sole technique capable of detecting MESs in the intracranial arteries. MESs may be caused by solids or gases produced during thrombosis within the circuit or cannula during ECMO and are more common in patients on VA ECMO because during VV ECMO, the lung can act as a filter for thrombi (16, 63–66). An observational prospective study in patients treated with ECMO evaluated by TCD ultrasound showed that the percentage of MES-positive patients was significantly different between the two ECMO configurations (81.8% among VA ECMO patients vs. 26.2% among VV ECMO patients). In addition, compared with that in the VV ECMO group, the number of MESs in the VA ECMO group was more substantial (63). More studies are needed in the future to determine the relationship between MESs and brain injury in patients undergoing ECMO, and TCD ultrasound studies may even help to guide therapeutic approaches for optimal anticoagulation strategies to decrease stroke risk.



Biomarkers

Some serum protein biomarkers of cerebral injury have been studied in small adult ECMO cohorts, such as neuron-specific enolase (NSE) and S100B. The reliability of serum NSE monitoring indicating relevant neurologic injury for patients with VA ECMO after cardiopulmonary resuscitation was confirmed in two previous studies (67, 68). In one study, patients with NSE <100 g/L had an in-hospital mortality rate of 36.4%, while the percentage demonstrating good neurological status was 67.9%. In addition, when NSE peaks were used to predict neurologic injury, the specificity and sensitivity were 0.74 and 0.6 (cutoff value of 100 g/L) and 0.98 and 0.3 (cutoff value of 200 g/L), respectively (67). In another study aiming to increase the diagnostic accuracy of NSE, the authors measured its level after 24, 48, and 72 h using single NSE measurements, serial NSE measurements and their combination, respectively, to predict cerebral outcome. They found that 48-h NSE measurements showed the best presentation for poor cerebral outcome [area under the receiver operating characteristic (ROC) curve (AUC) of 0.87; cutoff value of 70 μg/L]; moreover, serial NSE measurements in particular demonstrated high specificity (68). When using NSE as a neurological marker, it is essential to consider potential interfering factors, such as hemolysis or cancer. There is an obvious correlation between NSE and hemolysis markers (69), which is relevant during ECMO support, even after a short time of cardiopulmonary bypass.

Several studies instead investigated S100B over NSE as a monitoring biomarker owing to its shorter effective serum half-life. S100B levels were higher in patients with neurologic complications than in those without complications, indicating that the measurement of serum S100B levels could help to provide an early indication of neurologic complications in deeply sedated patients undergoing both VA and VV ECMO (70). In addition, S100B measurements at 40 and 140 h following both VA and VV ECMO initiation showed the best predictions for intracranial lesions (AUC 0.81; cutoff value 0.69 μg/L) (71). However, S100B is not a brain-specific biomarker, as it can be released from the heart, bone, and adipose tissue (70, 72). The combination of various biomarker measurements can result in an increased diagnostic accuracy in predicting brain injury.



Neuroimaging

Cranial CT is the primary imaging method used to reveal or exclude acute intracranial complications in ECMO patients. CT scans can be used to detect ICH with high sensitivity; however, they are unable to demonstrate dynamic changes and have low sensitivity for small or brainstem infarcts. A study (9) showed that with increased use of CT scans in patients on VV ECMO, clinicians should be able to identify more neurologic injuries earlier and therefore direct changes in therapy, such as anticoagulation, to reduce associated morbidity and mortality. However, the benefits from cranial CT should be balanced against the risks associated with the transportation of ECMO patients. Both VA and VV ECMO are associated with significant neurologic morbidity; before or immediately after ECMO initiation, patients should thus be examined by cranial CT scans if they can be transferred. During ECMO support, cranial CT scans are needed when there exist suspected acute neurologic injuries. Patients undergoing ECMO are unable to undergo magnetic resonance imaging (MRI) due to hardware incompatibility. A small study described MRI images of 8 patients who survived after ECMO cannulation, which found that all MRI images were abnormal with punctate ischemic infarct being the most common finding that may be associated with MESs detected by TCD ultrasound (73).




WAYS TO IMPROVE NEUROLOGIC OUTCOMES


Recognition

Patients on ECMO require daily weaning from sedation and neuromuscular blockers and detailed clinical neurologic examinations to identify positive neurologic signs. However, for sedated and comatose patients on ECMO, an optimal monitoring method is still unclear; therefore, the use of multimodal monitoring is required. Electrographic activity and cerebral autoregulation are different in patients with or without neurologic injury. Recently, several studies with small sample sizes described the feasibility of using multimodal non-invasive technology at beside for patients on both VA and VV ECMO (74–76). Based on these studies, we propose a framework for neurologic care in patients on ECMO (Figure 1). Recently, some ECMO centers began using ECMO with non-intubated, spontaneous breathing, called awake ECMO; in addition to reducing complications associated with sedation and invasive mechanical ventilation, it is more likely that neurologic injury can be detected in the early stage using this technique (77–79). For the early diagnosis of neurologic complications, awake ECMO should be used at a suitable opportunity in future procedures.
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FIGURE 1. Framework for an earlier recognition and intervention of neurologic complications in patients on ECMO. *Awake ECMO (non-intubated, spontaneously breathing) patients only need detailed neurologic examination. ECMO, extracorporeal membrane oxygenation; CT, computerized tomography; ICH, intracranial hemorrhage; AIS, acute ischemic stroke; HIBI, hypoxic-ischemic brain injury; NIRS, near-infrared spectroscopy.




Prevention

Some critically ill patients may present with coagulopathy before ECMO initiation, which may increase the risk of ICH. In addition, physicians may withhold anticoagulation when active bleeding (such as gastrointestinal hemorrhage) is present, which may increase the risk of AIS. Therefore, during ECMO support, meticulous anticoagulation strategies should be implemented. PaCO2 is an attractive target for potentially improving cerebral perfusion and outcomes. Several studies have revealed a U-shaped relationship between PaCO2 during post-resuscitation and both neurologic outcomes and patient survival, meaning that both hypercapnia and hypocapnia are associated with worse outcomes (80, 81). A U-shaped relationship was also found between PaCO2 before ECMO initiation and in-hospital mortality (82). Recently, some studies found that acute and sudden decreases in PaCO2 over the first 24 h were correlated with a high risk of neurologic complications in patients regardless of the VV or VA ECMO mode (10, 33, 82, 83). The following formula can be used to calculate the relative change in PaCO2 during the first 24 h:

RelΔPaCO2 = (post-ECMO) PaCO2 – (pre-ECMO) PaCO2/(pre-ECMO) PaCO2

A RelΔPaCO2 < -50% is significantly associated with the incidence of neurologic complications (83). Therefore, when ECMO is active, clinicians should monitor arterial blood gases frequently or end-tidal carbon dioxide continuously and start a low sweep gas flow that progressively increases over time to avoid excessively rapid changes in PaCO2. When patients with poor cardiac function received VA ECMO, the brain is oxygenated by extracirculatory gas exchange. For patients on both VA and VV ECMO, early hyperoxia (within 24 h after ECMO onset) is significantly associated with higher mortality (84, 85). Furthermore, early hyperoxia increases the risk of acute brain injury and unfavorable neurologic outcomes (84). However, the most appropriate strategy and correction target for PaO2 and PaCO2 in patients undergoing ECMO remain uncertain and need to be further studied.



Treatment

Disappointingly, few studies have investigated counterbalancing anticoagulation strategies once ICH occurs during ECMO support. Ongoing anticoagulation may increase the size of any hemorrhage, while discontinuation may induce thrombotic events. We now know that we can reduce the use of anticoagulants and set a lower target activated partial thromboplastin time value with detailed, frequent neurologic examinations and follow-up cranial CT scans. Once AIS occurs during ECMO, the use and timing of mechanical thrombectomy need to be considered. While the literature is limited, one case report described two patients on VA ECMO with AIS treated with mechanical thrombectomy with good neurologic outcome, confirming the feasibility of this treatment (86). When patients on VA ECMO experience differential hypoxia, adapted ventilator settings or hybrid modes are needed to minimize the risk of cerebral desaturation. In addition, regardless of the type of neurologic injury, patients need appropriate intracranial pressure and a series of brain protection strategies.




CONCLUSION

With the rapidly increasing use of ECMO, neurologic injuries have become a matter of greater concern, as they are related to increased ICU and hospital stays, morbidity, mortality, and even long-term quality of life. Therefore, to improve the outcomes of ECMO patients, we should strive to prevent or recognize neurologic complications earlier.



AUTHOR CONTRIBUTIONS

HZ, JX, ZL, and YS designed the review. HZ and JX wrote the manuscript with supervision of YS. All authors critically revised the manuscript and approved it for publication.



ACKNOWLEDGMENTS

We apologize to all authors who could not be cited due to space constraints.



REFERENCES

 1. Sorokin V, MacLaren G, Vidanapathirana PC, Delnoij T, Lorusso R. Choosing the appropriate configuration and cannulation strategies for extracorporeal membrane oxygenation: the potential dynamic process of organ support and importance of hybrid modes. Eur J Heart Fail. (2017) 19(Suppl. 2):75–83. doi: 10.1002/ejhf.849

 2. Sutter R, Tisljar K, Marsch S. Acute neurologic complications during extracorporeal membrane oxygenation: a systematic review. Crit Care Med. (2018) 46:1506–13. doi: 10.1097/CCM.0000000000003223

 3. Klinzing S, Wenger U, Stretti F, Steiger P, Rushing EJ, Schwarz U, et al. Neurologic injury with severe adult respiratory distress syndrome in patients undergoing extracorporeal membrane oxygenation: a single-center retrospective analysis. Anesth Analg. (2017) 125:1544–8. doi: 10.1213/ANE.0000000000002431

 4. Lebreton G, Schmidt M, Ponnaiah M, Folliguet T, Para M, Guihaire J, et al. Extracorporeal membrane oxygenation network organisation and clinical outcomes during the COVID-19 pandemic in Greater Paris, France: a multicentre cohort study. Lancet Respir Med. (2021) 9:851–62. doi: 10.1016/s2213-2600(21)00096-5

 5. Shoskes A, Migdady I, Rice C, Hassett C, Deshpande A, Price C, et al. Brain injury is more common in venoarterial extracorporeal membrane oxygenation than venovenous extracorporeal membrane oxygenation: a systematic review and meta-analysis. Crit Care Med. (2020) 48:1799–808. doi: 10.1097/CCM.0000000000004618

 6. Chapman JT, Breeding J, Kerr SJ, Bajic M, Nair P, Buscher H, et al. Complications in adult patients treated with extracorporeal membrane oxygenation. Crit Care Med. (2021) 49:282–91. doi: 10.1097/CCM.0000000000004789

 7. Lorusso R, Barili F, Mauro MD, Gelsomino S, Parise O, Rycus PT, et al. In-hospital neurologic complications in adult patients undergoing venoarterial extracorporeal membrane oxygenation: results from the extracorporeal life support organization registry. Crit Care Med. (2016) 44:e964–72. doi: 10.1097/CCM.0000000000001865

 8. Lorusso R, Gelsomino S, Parise O, Di Mauro M, Barili F, Geskes G, et al. Neurologic injury in adults supported with veno-venous extracorporeal membrane oxygenation for respiratory failure: findings from the extracorporeal life support organization database. Crit Care Med. (2017) 45:1389–97. doi: 10.1097/CCM.0000000000002502

 9. Lockie CJA, Gillon SA, Barrett NA, Taylor D, Mazumder A, Paramesh K, et al. Severe respiratory failure, extracorporeal membrane oxygenation, and intracranial hemorrhage. Crit Care Med. (2017) 45:1642–9. doi: 10.1097/CCM.0000000000002579

 10. Hunsicker O, Beck L, Krannich A, Finger T, Prinz V, Spies C, et al. Timing, outcome, and risk factors of intracranial hemorrhage in acute respiratory distress syndrome patients during venovenous extracorporeal membrane oxygenation. Crit Care Med. (2021) 49:e120–e9. doi: 10.1097/CCM.0000000000004762

 11. Lorusso R, Belliato M, Mazzeffi M, Di Mauro M, Taccone FS, Parise O, et al. Neurological complications during veno-venous extracorporeal membrane oxygenation: Does the configuration matter? A retrospective analysis of the ELSO database. Crit Care. (2021) 25:107. doi: 10.1186/s13054-021-03533-5

 12. Su Y, Liu K, Zheng JL, Li X, Zhu DM, Zhang Y, et al. Hemodynamic monitoring in patients with venoarterial extracorporeal membrane oxygenation. Ann Transl Med. (2020) 8:792. doi: 10.21037/atm.2020.03.186

 13. Kowalewski M, Zielinski K, Brodie D, MacLaren G, Whitman G, Raffa GM, et al. Venoarterial extracorporeal membrane oxygenation for postcardiotomy shock-analysis of the extracorporeal life support organization registry. Crit Care Med. (2021) 49:1107–17. doi: 10.1097/CCM.0000000000004922

 14. Migdady I, Rice C, Deshpande A, Hernandez AV, Price C, Whitman GJ, et al. Brain injury and neurologic outcome in patients undergoing extracorporeal cardiopulmonary resuscitation: a systematic review and meta-analysis. Crit Care Med. (2020) 48:e611–e9. doi: 10.1097/CCM.0000000000004377

 15. Le Guennec L, Cholet C, Huang F, Schmidt M, Brechot N, Hekimian G, et al. Ischemic and hemorrhagic brain injury during venoarterial-extracorporeal membrane oxygenation. Ann Intensive Care. (2018) 8:129. doi: 10.1186/s13613-018-0475-6

 16. Graber LC, Quillinan N, Marrotte EJ, McDonagh DL, Bartels K. Neurocognitive outcomes after extracorporeal membrane oxygenation. Best Pract Res Clin Anaesthesiol. (2015) 29:125–35. doi: 10.1016/j.bpa.2015.03.004

 17. Cove ME. Disrupting differential hypoxia in peripheral veno-arterial extracorporeal membrane oxygenation. Crit Care. (2015) 19:280. doi: 10.1186/s13054-015-0997-3

 18. Antoniucci ME, De Paulis S, Bevilacqua F, Calabrese M, Arlotta G, Scapigliati A, et al. Unconventional cannulation strategy in peripheral extracorporeal membrane oxygenation to achieve central perfusion and prevent differential hypoxia. J Cardiothorac Vasc Anesth. (2019) 33:1367–9. doi: 10.1053/j.jvca.2018.07.016

 19. Stevens MC, Callaghan FM, Forrest P, Bannon PG, Grieve SMA. computational framework for adjusting flow during peripheral extracorporeal membrane oxygenation to reduce differential hypoxia. J Biomech. (2018) 79:39–44. doi: 10.1016/j.jbiomech.2018.07.037

 20. Khan IR, Gu Y, George BP, Malone L, Conway KS, Francois F, et al. Brain histopathology of adult decedents after extracorporeal membrane oxygenation. Neurology. (2021) 96:e1278–e89. doi: 10.1212/WNL.0000000000011525

 21. Cho SM, Geocadin RG, Caturegli G, Chan V, White B, Dodd OJ, et al. Understanding characteristics of acute brain injury in adult extracorporeal membrane oxygenation: an autopsy study. Crit Care Med. (2020) 48:e532–e6. doi: 10.1097/CCM.0000000000004289

 22. Shekar K, Ramanathan K, Brodie D. Prone positioning of patients during venovenous extracorporeal membrane oxygenation. Ann Am Thorac Soc. (2021) 18:421–3. doi: 10.1513/AnnalsATS.202011-1444ED

 23. Shinn JR, Campbell BR, Ely EW, Gelbard A. The role of early brain imaging in patients on extracorporeal membrane oxygenation. Crit Care Med. (2020) 48:e338–e9. doi: 10.1097/CCM.0000000000004253

 24. Dalton HJ. Intracranial hemorrhage and extracorporeal membrane oxygenation: chicken or the egg? Crit Care Med. (2017) 45:1781–3. doi: 10.1097/CCM.0000000000002632

 25. Knudson KA, Gustafson CM, Sadler LS, Whittemore R, Redeker NS, Andrews LK, et al. Long-term health-related quality of life of adult patients treated with extracorporeal membrane oxygenation (ECMO): an integrative review. Heart Lung. (2019) 48:538–52. doi: 10.1016/j.hrtlng.2019.08.016

 26. Illum B, Odish M, Minokadeh A, Yi C, Owens RL, Pollema T, et al. Evaluation, treatment, and impact of neurologic injury in adult patients on extracorporeal membrane oxygenation: a review. Curr Treat Options Neurol. (2021) 23:15. doi: 10.1007/s11940-021-00671-7

 27. O'Brien SG, Carton EG, Fealy GM. Long-term health-related quality of life after venovenous extracorporeal membrane oxygenation. ASAIO J. (2020) 66:580–5. doi: 10.1097/MAT.0000000000001042

 28. Harnisch LO, Riech S, Mueller M, Gramueller V, Quintel M, Moerer O. Longtime neurologic outcome of extracorporeal membrane oxygenation and non extracorporeal membrane oxygenation acute respiratory distress syndrome survivors. J Clin Med. (2019) 8:1020. doi: 10.3390/jcm8071020

 29. Khan IR, Saulle M, Oldham MA, Weber MT, Schifitto G, Lee HB. Cognitive, psychiatric, and quality of life outcomes in adult survivors of extracorporeal membrane oxygenation therapy: a scoping review of the literature. Crit Care Med. (2020) 48:e959–e70. doi: 10.1097/CCM.0000000000004488

 30. von Bahr V, Kalzen H, Hultman J, Frenckner B, Andersson C, Mosskin M, et al. Long-term cognitive outcome and brain imaging in adults after extracorporeal membrane oxygenation. Crit Care Med. (2018) 46:e351–e8. doi: 10.1097/CCM.0000000000002992

 31. Daou M, Lauzon C, Bullen EC, Telias I, Fan E, Wilcox ME. Long-term cognitive outcomes and sleep in adults after extracorporeal life support. Crit Care Explor. (2021) 3:e0390. doi: 10.1097/CCE.0000000000000390

 32. Cho SM, Canner J, Caturegli G, Choi CW, Etchill E, Giuliano K, et al. Risk factors of ischemic and hemorrhagic strokes during venovenous extracorporeal membrane oxygenation: analysis of data from the extracorporeal life support organization registry. Crit Care Med. (2021) 49:91–101. doi: 10.1097/CCM.0000000000004707

 33. Luyt CE, Brechot N, Demondion P, Jovanovic T, Hekimian G, Lebreton G, et al. Brain injury during venovenous extracorporeal membrane oxygenation. Intensive Care Med. (2016) 42:897–907. doi: 10.1007/s00134-016-4318-3

 34. Chen JW, Gombart ZJ, Rogers S, Gardiner SK, Cecil S, Bullock RM. Pupillary reactivity as an early indicator of increased intracranial pressure: The introduction of the Neurological Pupil index. Surg Neurol Int. (2011) 2:82. doi: 10.4103/2152-7806.82248

 35. Couret D, Boumaza D, Grisotto C, Triglia T, Pellegrini L, Ocquidant P, et al. Reliability of standard pupillometry practice in neurocritical care: an observational, double-blinded study. Crit Care. (2016) 20:99. doi: 10.1186/s13054-016-1239-z

 36. Martinez-Ricarte F, Castro A, Poca MA, Sahuquillo J, Exposito L, Arribas M, et al. Infrared pupillometry. Basic principles and their application in the non-invasive monitoring of neurocritical patients. Neurologia. (2013) 28:41–51. doi: 10.1016/j.nrl.2010.07.028

 37. Kim TJ, Park SH, Jeong HB, Ha EJ, Cho WS, Kang HS, et al. Neurological pupil index as an indicator of neurological worsening in large hemispheric strokes. Neurocrit Care. (2020) 33:575–81. doi: 10.1007/s12028-020-00936-0

 38. Natzeder S, Mack DJ, Maissen G, Strassle C, Keller E, Muroi C. Portable infrared pupillometer in patients with subarachnoid hemorrhage: prognostic value and circadian rhythm of the neurological pupil index (NPi). J Neurosurg Anesthesiol. (2019) 31:428–33. doi: 10.1097/ANA.0000000000000553

 39. Miroz JP, Ben-Hamouda N, Bernini A, Romagnosi F, Bongiovanni F, Roumy A, et al. Neurological pupil index for early prognostication after venoarterial extracorporeal membrane oxygenation. Chest. (2020) 157:1167–74. doi: 10.1016/j.chest.2019.11.037

 40. Ong C, Hutch M, Smirnakis S. The effect of ambient light conditions on quantitative pupillometry. Neurocrit Care. (2019) 30:316–21. doi: 10.1007/s12028-018-0607-8

 41. Couret D, Simeone P, Freppel S, Velly L. The effect of ambient-light conditions on quantitative pupillometry: a history of rubber cup. Neurocrit Care. (2019) 30:492–3. doi: 10.1007/s12028-018-0664-z

 42. Larson MD, Behrends M. Portable infrared pupillometry: a review. Anesth Analg. (2015) 120:1242–53. doi: 10.1213/ANE.0000000000000314

 43. Al-Obaidi S, Atem F, Stutzman SE, Aiyagari V, Olson DM. Investigating the association between eye colour and the neurological pupil index. Aust Crit Care. (2020) 33:436–40. doi: 10.1016/j.aucc.2019.10.001

 44. Maldonado Y, Singh S, Taylor MA. Cerebral near-infrared spectroscopy in perioperative management of left ventricular assist device and extracorporeal membrane oxygenation patients. Curr Opin Anaesthesiol. (2014) 27:81–8. doi: 10.1097/ACO.0000000000000035

 45. Pozzebon S, Blandino Ortiz A, Franchi F, Cristallini S, Belliato M, Lheureux O, et al. Cerebral near-infrared spectroscopy in adult patients undergoing veno-arterial extracorporeal membrane oxygenation. Neurocrit Care. (2018) 29:94–104. doi: 10.1007/s12028-018-0512-1

 46. Khan I, Rehan M, Parikh G, Zammit C, Badjatia N, Herr D, et al. Regional cerebral oximetry as an indicator of acute brain injury in adults undergoing veno-arterial extracorporeal membrane oxygenation-A prospective pilot study. Front Neurol. (2018) 9:993. doi: 10.3389/fneur.2018.00993

 47. Hunt MF, Clark KT, Whitman G, Choi CW, Geocadin RG, Cho SM. The use of cerebral NIRS monitoring to identify acute brain injury in patients with VA-ECMO. J Intensive Care Med. (2020). doi: 10.1177/0885066620966962. [Epub ahead of print].

 48. Vranken NPA, Lindelauf A, Simons AP, Aries MJH, Maessen JG, Weerwind PW. Cerebral and limb tissue oxygenation during peripheral venoarterial extracorporeal life support. J Intensive Care Med. (2020) 35:179–86. doi: 10.1177/0885066617735270

 49. Azabou E, Navarro V, Kubis N, Gavaret M, Heming N, Cariou A, et al. Value and mechanisms of EEG reactivity in the prognosis of patients with impaired consciousness: a systematic review. Crit Care. (2018) 22:184. doi: 10.1186/s13054-018-2104-z

 50. Punia V, Zawar I, Briskin I, Burgess R, Newey CR, Hantus S. Determinants and outcome of repeat continuous electroencephalogram monitoring-A case-control study. Epilepsia Open. (2019) 4:572–80. doi: 10.1002/epi4.12361

 51. Bermeo-Ovalle A. Bringing EEG back to the future: use of cEEG in neurocritical care. Epilepsy Curr. (2019) 19:243–5. doi: 10.1177/1535759719858350

 52. Lin L, Al-Faraj A, Ayub N, Bravo P, Das S, Ferlini L, et al. Electroencephalographic abnormalities are common in COVID-19 and are associated with outcomes. Ann Neurol. (2021) 89:872–83. doi: 10.1002/ana.26060

 53. Peluso L, Rechichi S, Franchi F, Pozzebon S, Scolletta S, Brasseur A, et al. Electroencephalographic features in patients undergoing extracorporeal membrane oxygenation. Crit Care. (2020) 24:629. doi: 10.1186/s13054-020-03353-z

 54. Magalhaes E, Reuter J, Wanono R, Bouadma L, Jaquet P, Tanaka S, et al. Early EEG for prognostication under venoarterial extracorporeal membrane oxygenation. Neurocrit Care. (2020) 33:688–94. doi: 10.1007/s12028-020-01066-3

 55. Sinnah F, Dalloz MA, Magalhaes E, Wanono R, Neuville M, Smonig R, et al. Early electroencephalography findings in cardiogenic shock patients treated by venoarterial extracorporeal membrane oxygenation. Crit Care Med. (2018) 46:e389–94. doi: 10.1097/CCM.0000000000003010

 56. Thakor NV, Tong S. Advances in quantitative electroencephalogram analysis methods. Annu Rev Biomed Eng. (2004) 6:453–95. doi: 10.1146/annurev.bioeng.5.040202.121601

 57. Ghassemi MM, Amorim E, Alhanai T, Lee JW, Herman ST, Sivaraju A, et al. Quantitative electroencephalogram trends predict recovery in hypoxic-ischemic encephalopathy. Crit Care Med. (2019) 47:1416–23. doi: 10.1097/CCM.0000000000003840

 58. Melmed KR, Schlick KH, Rinsky B, Dumitrascu OM, Volod O, Nezhad M, et al. Assessing cerebrovascular hemodynamics using transcranial doppler in patients with mechanical circulatory support devices. J Neuroimaging. (2020) 30:297–302. doi: 10.1111/jon.12694

 59. Salna M, Ikegami H, Willey JZ, Garan AR, Cevasco M, Chan C, et al. Transcranial Doppler is an effective method in assessing cerebral blood flow patterns during peripheral venoarterial extracorporeal membrane oxygenation. J Card Surg. (2019) 34:447–52. doi: 10.1111/jocs.14060

 60. Berthoud V, Ellouze O, Constandache T, Martin A, Bouhemad B, Guinot PG. Transcranial Doppler waveform patterns in nonpulsatile blood flow under venoarterial extracorporeal membrane oxygenation for brain death diagnosis. ASAIO J. (2020) 66:e64. doi: 10.1097/MAT.0000000000001031

 61. Marinoni M, Cianchi G, Trapani S, Migliaccio ML, Bonizzoli M, Gucci L, et al. Retrospective analysis of transcranial doppler patterns in veno-arterial extracorporeal membrane oxygenation patients: feasibility of cerebral circulatory arrest diagnosis. ASAIO J. (2018) 64:175–82. doi: 10.1097/MAT.0000000000000636

 62. Yang F, Jia ZS, Xing JL, Wang Z, Liu Y, Hao X, et al. Effects of intra-aortic balloon pump on cerebral blood flow during peripheral venoarterial extracorporeal membrane oxygenation support. J Transl Med. (2014) 12:106. doi: 10.1186/1479-5876-12-106

 63. Marinoni M, Migliaccio ML, Trapani S, Bonizzoli M, Gucci L, Cianchi G, et al. Cerebral microemboli detected by transcranial doppler in patients treated with extracorporeal membrane oxygenation. Acta Anaesthesiol Scand. (2016) 60:934–44. doi: 10.1111/aas.12736

 64. Zanatta P, Forti A, Bosco E, Salvador L, Borsato M, Baldanzi F, et al. Microembolic signals and strategy to prevent gas embolism during extracorporeal membrane oxygenation. J Cardiothorac Surg. (2010) 5:5. doi: 10.1186/1749-8090-5-5

 65. Janak D, Hala P, Mlcek M, Popkova M, Lacko S, Kudlicka J, et al. Detection of microembolic signals in the common carotid artery using Doppler sonography in the porcine model of acute heart failure treated by veno-arterial extracorporeal membrane oxygenation. Physiol Res. (2017) 66:S529–36. doi: 10.33549/physiolres.933806

 66. Bonow RH, Witt CE, Mosher BP, Mossa-Basha M, Vavilala MS, Rivara FP, et al. Transcranial Doppler microemboli monitoring for stroke risk stratification in blunt cerebrovascular injury. Crit Care Med. (2017) 45:e1011–7. doi: 10.1097/CCM.0000000000002549

 67. Floerchinger B, Philipp A, Camboni D, Foltan M, Lunz D, Lubnow M, et al. NSE serum levels in extracorporeal life support patients—Relevance for neurological outcome? Resuscitation. (2017) 121:166–71. doi: 10.1016/j.resuscitation.2017.09.001

 68. Schrage B, Rubsamen N, Becher PM, Roedl K, Soffker G, Schwarzl M, et al. Neuron-specific-enolase as a predictor of the neurologic outcome after cardiopulmonary resuscitation in patients on ECMO. Resuscitation. (2019) 136:14–20. doi: 10.1016/j.resuscitation.2019.01.011

 69. Geisen U, Benk C, Beyersdorf F, Klemm R, Trummer G, Ozbek B, et al. Neuron-specific enolase correlates to laboratory markers of haemolysis in patients on long-term circulatory support. Eur J Cardiothorac Surg. (2015) 48:416–20; discussion 20. doi: 10.1093/ejcts/ezu513

 70. Nguyen DN, Huyghens L, Wellens F, Schiettecatte J, Smitz J, Vincent JL. Serum S100B protein could help to detect cerebral complications associated with extracorporeal membrane oxygenation (ECMO). Neurocrit Care. (2014) 20:367–74. doi: 10.1007/s12028-013-9874-6

 71. Fletcher-Sandersjoo A, Lindblad C, Thelin EP, Bartek J Jr, Sallisalmi M, Elmi-Terander A, et al. Serial S100B sampling detects intracranial lesion development in patients on extracorporeal membrane oxygenation. Front Neurol. (2019) 10:512. doi: 10.3389/fneur.2019.00512

 72. Ohrt-Nissen S, Friis-Hansen L, Dahl B, Stensballe J, Romner B, Rasmussen LS. How does extracerebral trauma affect the clinical value of S100B measurements? Emerg Med J. (2011) 28:941–4. doi: 10.1136/emj.2010.091363

 73. Ong BA, Geocadin R, Choi CW, Whitman G, Cho SM. Brain magnetic resonance imaging in adult survivors of extracorporeal membrane oxygenation. Perfusion. (2020). doi: 10.1177/0267659120968026. [Epub ahead of print].

 74. Cho SM, Choi CW, Whitman G, Suarez JI, Martinez NC, Geocadin RG, et al. Neurophysiological findings and brain injury pattern in patients on ECMO. Clin EEG Neurosci. (2019). doi: 10.1177/1550059419892757. [Epub ahead of print].

 75. Cho SM, Ziai W, Mayasi Y, Gusdon AM, Creed J, Sharrock M, et al. Noninvasive neurological monitoring in extracorporeal membrane oxygenation. ASAIO J. (2020) 66:388–93. doi: 10.1097/MAT.0000000000001013

 76. Dar IA, Khan IR, Maddox RK, Selioutski O, Donohue KL, Marinescu MA, et al. Towards detection of brain injury using multimodal non-invasive neuromonitoring in adults undergoing extracorporeal membrane oxygenation. Biomed Opt Express. (2020) 11:6551–69. doi: 10.1364/BOE.401641

 77. Montero S, Huang F, Rivas-Lasarte M, Chommeloux J, Demondion P, Brechot N, et al. Awake venoarterial extracorporeal membrane oxygenation for refractory cardiogenic shock. Eur Heart J Acute Cardiovasc Care. (2021) 10:585–94. doi: 10.1093/ehjacc/zuab018

 78. Kurihara C, Walter JM, Singer BD, Cajigas H, Shayan S, Al-Qamari A, et al. Extracorporeal membrane oxygenation can successfully support patients with severe acute respiratory distress syndrome in lieu of mechanical ventilation. Crit Care Med. (2018) 46:e1070–e3. doi: 10.1097/CCM.0000000000003354

 79. Stahl K, Schenk H, Kuhn C, Wiesner O, Hoeper MM, David S. Extracorporeal membrane oxygenation in non-intubated immunocompromised patients. Crit Care. (2021) 25:164. doi: 10.1186/s13054-021-03584-8

 80. Lee BK, Jeung KW, Lee HY, Lee SJ, Jung YH, Lee WK, et al. Association between mean arterial blood gas tension and outcome in cardiac arrest patients treated with therapeutic hypothermia. Am J Emerg Med. (2014) 32:55–60. doi: 10.1016/j.ajem.2013.09.044

 81. McKenzie N, Williams TA, Tohira H, Ho KM, Finn J. A systematic review and meta-analysis of the association between arterial carbon dioxide tension and outcomes after cardiac arrest. Resuscitation. (2017) 111:116–26. doi: 10.1016/j.resuscitation.2016.09.019

 82. Diehl A, Burrell AJC, Udy AA, Alexander PMA, Rycus PT, Barbaro RP, et al. Association between arterial carbon dioxide tension and clinical outcomes in venoarterial extracorporeal membrane oxygenation. Crit Care Med. (2020) 48:977–84. doi: 10.1097/CCM.0000000000004347

 83. Cavayas YA, Munshi L, Del Sorbo L, Fan E. The early change in PaCO2 after extracorporeal membrane oxygenation initiation is associated with neurological complications. Am J Respir Crit Care Med. (2020) 201:1525–35. doi: 10.1164/rccm.202001-0023OC

 84. Al-Kawaz MN, Canner J, Caturegli G, Kannapadi N, Balucani C, Shelley L, et al. Duration of hyperoxia and neurologic outcomes in patients undergoing extracorporeal membrane oxygenation. Crit Care Med. (2021) 49:e968–77. doi: 10.1097/CCM.0000000000005069

 85. Munshi L, Kiss A, Cypel M, Keshavjee S, Ferguson ND, Fan E. Oxygen thresholds and mortality during extracorporeal life support in adult patients. Crit Care Med. (2017) 45:1997–2005. doi: 10.1097/CCM.0000000000002643

 86. Le Guennec L, Schmidt M, Clarencon F, Elhfnawy AM, Baronnet F, Kalamarides M, et al. Mechanical thrombectomy in acute ischemic stroke patients under venoarterial extracorporeal membrane oxygenation. J Neurointerv Surg. (2020) 12:486–8. doi: 10.1136/neurintsurg-2019-015407

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.

Copyright © 2021 Zhang, Xu, Yang, Zou, Shu, Liu and Shang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-713333-t003.jpg
Monitoring
technique

Neurological pupil
index (NP)

Cerebral
near-infrared
spectroscopy

Electroencephalography
(EEG)

Transcranial
doppler (TCD)
ultrasound

Biomarkers

Neuroimaging

Description

Automatedly assesses pupil size
« Neurological deterioration is always associated with a sudden drop in NPi value below 2.8-3.0

« Influenced by ambient light and high concentrations of opioids

« Monitors of regional oxygen saturation (1SO2)

« Decreases from baseline (>25% drop) and a large right-left rSO2 difference (>10%) may predict acute neurologic
injury

Affected by ambient light and skin color

Assess neurologic status

Continuous EEG can detect non-convulsive seizures or status epilepticus

Ocourrence of suppressed EEG background is associated with poor neurological outcome and mortality

Early Standard EEG can be used for prognostication

As the results of EEG depend on technician's experience and expertise, quantitative EEG can be applied in the
future studies

 Measures the patter of cerebral blood flow, hemodynamic reserve, and microembolic signals

« Effectiveness of TCD is uncertain with continuous, non-pulsatie, arterial flow in some patients on venoarterial ECMO
« Detects intracranial artery microembolic signals, which may eventualy lead to acute ischemic stroke

« Serum protein biomarkers of cerebral injury, such as NSE, and S1008

 Serial measurement can increase diagnostic accuracy

© Serum half-life of NSE is long, and can be affected by hemolysis or cancer

 $1008 can be released from not only brain but also heart, bone and adipose tissue

« Cranial CT is the main technology for revealing and excluding acute cerebral injury

* MRl s limited due to hardware incompatibility

ECMO, extracorporeal membrane oxygenation; NSE, neuron-specific enolase; CT, computerized tomography; MR, magnetic resonance imaging.





OPS/images/fmed-08-713333-t001.jpg
References Number of enrolled patients

Sutter et al. 2) N/A
Shoskes et al. (5) 16,063 (VA 8211, W 7842)
Chapmanetal.(6) 412 (VA 244, W 131, Other type 37)

Lorusso et al. (7) 4,522 (all VA)
Lorusso etal. (8) 4,988 (@l W)
*Lockie et al. (9) 250 (all W)
*Hunsicker etal. (10) 444 (all W)
Lorusso et al. (11) 6,834 (all W)

ECMO

13.0 (83.0)

16.0 (47.0)

13.3(65.0)
A
/A
A
/A
A

VA ECMO

15.0
19.0(52.0)
180
15.1 (90.0)
N/A
N/A
N/A
N/A

Prevalence% (mortality%)

W ECMO

100
10.0 (36.0)
45
A
7.1(75.8)
NA
NA
7.2(76.9)

ICH

5.0(96.0)
7.0
34
18
36(79.6)
16.4 (31.7)
11.0 (69.4)
38(785)

Als

7.0(83.0)
70
70
36

1.7(68.2)
NA
NA

1.7 (73.0)

Seizures

2.0 (40.0)
1.0
N/A
18

12(50.0)
A
N/A

1.2 (54.1)

HiBI

N/A
80
36
N/A
N/A
N/A
N/A
N/A

BD

N/A
N/A

N/A, not applicable; ECMO, extracorporeal membrane oxygenation; ICH, intracranial hemorrhage; AIS, acute ischemic stroke; HIBI, hypoxic-ischemic brain injury; BD, brain death; W,

venovenous; VA, venoarterial.

*Study investigated only the incidence of ICH among patients on W ECMO.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Narrative Review of Neurologic Complications in Adults on ECMO: Prevalence, Risks, Outcomes, and Prevention Strategies



		Introduction



		Neurologic Complications of Patients on ECMO



		Short-Term Complications



		Neurologic Complications in VA ECMO



		Neurologic Complications in VV ECMO



		Long-Term Complications







		Risk Factors



		Clinical Strategies



		Neurologic Monitoring Methods



		Neurological Pupil Index



		Near-Infrared Spectroscopy



		Electroencephalography



		Transcranial Doppler Ultrasound



		Biomarkers



		Neuroimaging







		Ways to Improve Neurologic Outcomes



		Recognition



		Prevention



		Treatment







		Conclusion



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Narrative Review of Neurologic
Complications in Adults on ECMO:
Prevalence, Risks, Outcomes, and

Prevention Strategies





OPS/images/fmed-08-713333-g001.gif
Patants on ECHO. S—
Canai T
@etors o immoditalyafer EGMO intaton)
b tobe
ronstorod oot
e ainess
Ousy wearng from sedaton and
neuromsuar tockingagets
*Nourdlogi sxamination
‘Gasgon coma scoro
pupieramiaton e —r—
bransion raenss siaregy
tondonrotex ponormal_y | Newwsgen ervention
pethiogicalrflex (Cronsam ] Adeprod ventr sttogs
Nomal | Contnous NRS moniaring Hopeoprist nvacania rossro
Eocvoencapracyaphy rain prtocion
Taanscrania Doplar rasound Aroslopic dups fnecussary
Blgnarcers
Y
‘Wearing rom.
Eovo. Suspocaa
iy
Y
Uneisined
Rowrcimaging o
o
+““ Canaic
Fotowss






OPS/images/fmed-08-713333-t002.jpg
Neurologic injury

Risk Pre-ECMO cardiac arrest
factors Age
VAECMO

Post-ECMO hypoglyceria
Use of inotropes.

Renal replacement therapy
Hyperbiliubinemia

Intracranial hemorrhage Acute ischemic stroke

Pre-ECMO PH Pre-ECMO serum lactic acid
Pre-ECMO PO, Pre-ECMO PH

Initial decrease in PaCOz Hemolysis

Duration of mechanical Gastrointestinal hemorrhage
ventilation and ECMO Disseminated intravascular coagulation
High PEEP

Female sex

Decreased serum fibrinogen

Use of heparin

Increased creatinine

Renal replacement therapy
Thrombocytopenia
Gastrointestinal hemorrhage

ECMO, extracorporeal membrane oxygenation; W, venovenous; VA, venoarterial; PH, potential of hydrogen; PEEP, positive end-expiratory pressure.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





