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Purpose: To estimate the overall incidence, risk factors, and clinical outcomes of electroencephalographic (EEG) seizures for adults and children after mechanical circulatory support (MCS).

Method and measurements: This systematic review and meta-analysis were carried out in accordance with the PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis) guidance document. MEDLINE EMBASE and CENTRAL were investigated for relevant studies. The related information was retrieved by two independent reviewers and all analyses were conducted by STATA (version 16.0; Stata Corporation, College Station, TX, United States).

Result: Sixty studies including 36,191 adult and 55,475 pediatric patients with MCS were enrolled for evaluation. The study showed that the overall incidence of EEG seizures in adults was 2% (95%CI: 1–3%), in which 1% (95%CI: 1–2%) after cardiopulmonary bypass (CPB), and 3% (95%CI: 1–6%) after extracorporeal membrane oxygenation (ECMO). For pediatrics patients, the incidence of EEG seizures was 12% (95%CI: 11–14%), among which 12% (9–15%) after CPB and 13% (11–15%) after ECMO. The major risk factors of EEG seizures after MCS in adults were redo surgery (coefficient = 0.0436, p = 0.044), and COPD (coefficient = 0.0749, p = 0.069). In addition, the gestational week of CPB (coefficient = 0.0544, p = 0.080) and respiratory failure of ECMO (coefficient = –0.262, p = 0.019) were also indicated to be associated with EEG seizures in pediatrics.

Conclusion: EEG seizures after MCS were more common in pediatrics than in adults. In addition, the incidence of EEG seizure after ECMO was higher than CPB both in adults and children. It is expected that appropriate measures should be taken to control modifiable risk factors, thus improving the prognosis and increasing the long-term survival rate of MCS patients.

Systematic Review Registration: [https://www.crd.york.ac.uk/prospero], identifier [CRD42021287288].
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Introduction

With an increasing number of cardiac surgeries globally, a large number of elderly patients and children require mechanical circulatory support (MCS) during cardiac surgery. Epidemiologic studies predicted that these procedures will further pose a unique threat in the near future (1). However, accumulating evidence has shown that the use of continuous cardiopulmonary bypass (CPB) is not entirely safe, and may be associated with central nervous system injury and adverse developmental sequelae, studies reported that adult neurocognitive declined dramatically after CPB (2). Furthermore, the use of CPB or extracorporeal membrane oxygenation (ECMO) carries an inherent risk of complications and may lead to neurological decline (3–6), such as ischemic and hemorrhagic stroke and seizures, which are associated with prolonged hospital stays and increased risk of poor outcome (5).

Seizures are defined as the transient occurrence of signs or symptoms due to abnormal excessive or synchronous neuronal activity in the brain (7). Clinical diagnostics require experience and professional personnel. As patients with MCS typically require sedation, the neurological examination is not always reliable, but neuro-monitoring is essential to the success of cardiovascular surgery. Apart from clinical signs, the only confirmatory tool for diagnosis is electroencephalography (EEG) (8), which can be performed intermittently or continuously (9). Early identification of seizures could mitigate brain injury and reduce mechanical ventilation duration, intensive care unit, and hospital stay (10, 11). EEG is a non-invasive tool that measures cortical electrical activity, with an excellent spatial and temporal resolution and sensitivity to changes in both brain structure and function, which plays an indispensable role in diagnosing seizures (12). The EEG can not only provide valuable insights into seizure monitoring but also evaluate adverse neurological outcomes. Furthermore, most subclinical seizures have no discernible clinical correlation and could result in underestimation without continuous EEG monitoring (13). Accumulating evidence has revealed that the identification of subclinical seizures is essential for the prevention of MCS morbidity following cardiac surgery. Concern was expressed about the incidence of EEG seizures following MCS. However, there is no systematic review regarding the incidence of EEG seizures in adult and pediatric patients following MCS.

Therefore, the primary purpose of this systematic review and meta-analysis was to explore the incidence and prognostic effect of EEG seizures after MCS in adult and pediatric patients. Besides, the potential risk factors of EEG seizures in adult and pediatric patients after MCS were also investigated.



Methods


Search strategy and selection criteria

A systematic review and quantitative meta-analysis of published studies examining the incidence of EEG seizures following MCS was conducted. This systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) and registered in the prospective international register of systematic reviews (PROSPERO) (registration number is CRD42021287288). MEDLINE, EMBASE, and CENTRAL databases were comprehensively searched for relevant studies from inception to 25 November 2021. Electroencephalography, seizures, CPB, ECMO, and all synonyms related to the terms were included. Furthermore, references from related reviews and studies were manually searched. Details of research strategies are provided in Supplementary File 1.

All retrieved studies were independently identified by two investigators (QL and JJ S) for potential eligibility. The titles, abstracts, and full texts of these articles were analyzed to select studies for inclusion in this systematic review. The inclusion criteria were: (1) adults (≥18 year of age) or pediatric (≤18 year of age) who underwent mechanical circulatory (CPB OR ECMO) during cardiac surgery; (2) the seizures were diagnosed by EEG; (3) the incidence of seizures was recorded; (4) cohort studies or randomized control trials (RCTs); (5) language was restricted in English. On the other hand, studies that were case reports, animal design, conference abstracts, previous reviews, books, theses, or editorial letters were excluded. We also excluded articles that do not clearly illustrate the incidence of EEG seizures or the MCS records.



Data extraction and quality assessment

The following information from eligible studies was extracted by two reviewers independently: study information, including the authors’ names, study design, year, country, type of mechanical support; preoperative population demographics (gender, age, and complications), perioperative information (duration of CPB, duration of ECMO, duration of DHCA, duration of aortic clamp time, surgery type), postoperative data (length of hospital stay and duration of mechanical ventilation); sample size; the incidence of EEG seizure.

The Newcastle-Ottawa Quality Assessment Scale (NOS) was used for quality assessment. Since our goal is to explore the incidence of EEG seizures following MCS, minor modifications, the removal of two elements from the control group, have been made to the NOS scale. A total of six items were included in the amended quality evaluation. Details are available in Supplementary File 2.

Any disagreement was resolved by discussion between the two evaluators.



Endpoints

The primary endpoint was the incidence of EEG seizures following MCS. Secondary endpoints were outcomes and risk factors of EEG seizures during the surgical period for follow-up assessment and the mortality rate during this period.



Statistical analysis

The incidence of EEG seizures after MCS in adults and pediatrics was calculated by the Stata (Version 16.0; Stata Corporation, College Station, TX, United States). Heterogeneity between studies was evaluated by Cochran Q and I2 statistics with a threshold of p < 0.1 to determine heterogeneity, and I2 values >50% indicated heterogeneity. Taking into account the heterogeneity between studies, the random-effect model was used to estimate the mean effect and accuracy, and to provide a more conservative estimate of the 95% CI.

The potential publication bias was evaluated by Begg and Egger test. The trim-and-filled method was used in case of significant publication bias. Sensitivity analyses were conducted by removing each included study at one time to obtain the remaining overall estimate of EEG seizure incidence. In addition, meta-regression (p < 0.1) and subgroup analysis were conducted to detect potential sources of significant heterogeneity. The identification of each factor in the meta-regression analyses was considered in at least four studies.




Result


Study characteristic

A total of 413 potentially pertinent studies were identified by a systematic search of related databases. After 296 abstracts were excluded from the restricted search due to duplicated publication (n = 73), irrelevant (n = 193), and not retrieved the reports (n = 30), then 117 published papers met the inclusion criteria for the full-text review. In addition, 57 published papers were excluded for the following reasons: mechanical circulatory support was not reported (n = 14); the incidence of EEG seizure was not reported (n = 11); inappropriate study design (n = 20); no original research (n = 12). Finally, sixty studies were retained for final evaluation and quantitative analysis. Supplementary File 3 shows the characteristics of the included studies, and Figure 1 shows the diagram of the study selection.
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FIGURE 1
Flowchart for complete screening, including process.




Quality assessment

Based on the modified NOS scale, 9 in 13 studies of the adult population and 31 in 47 studies of the pediatric population scored 4 points or more, demonstrating low or moderate risks of bias. Two studies reported both the adult and pediatric population (14, 15), and the sample size of some studies is relatively small and the reporting year is from 1974 to 2021, which may be attributed to the selection bias. The second bias derives primarily from the evaluation of outcomes. EEG monitoring should not be used in all patients, and the incidence of EEG seizures may be underestimated. Besides, not all the periods and the adequacy of follow-up were demonstrated in enrolled studies (Supplementary File 2).



Effect of mechanical circulatory support on the incidence of electroencephalographic seizures in the adult and pediatric population

Electroencephalographic (EEG) seizure after MCS was reported in 36,191 study adult subjects, and the overall incidence was 2% (95%CI: 1–3%), in which the incidence of EEG seizures was 1% (95%CI: 1–2%) with CPB and 3% (95%CI: 1–6%) with ECMO, separately (Figure 2). Study heterogeneity was significant, with an overall I2 of 96.7%. In addition, a potential evident publication bias was observed in adults with CPB (Egger test: p = 0.001; Begg test: p = 0.533; Figures 3, 4). The trim-and-filled method further confirmed the robustness of the EEG seizure in adults with CPB (P < 0.001).
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FIGURE 2
The forest plot shows the pooled event rate with 95% CIs of all electroencephalography seizures after mechanical support in adults, the random-effects model was used.
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FIGURE 3
Begg’s funnel plot analysis of cardiopulmonary bypass (CPB) in adults.
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FIGURE 4
Egger’s funnel plot analysis of cardiopulmonary bypass (CPB) in adults.


Moreover, EEG seizures after MCS were reported in 55,475 pediatric subjects, and the overall incidence was 12% (11–14%), in which the incidence of EEG seizures was 12% (9–15%) with CPB, and 13% (11–15%) with ECMO, respectively (Figure 5). Study heterogeneity was significant, with an overall I2 of 95.8% for pediatrics. In addition, a potential evident publication bias was observed in pediatrics with CPB (Egger test: p < 0.001; Begg test: p = 0.001; Figures 6, 7) and ECMO (Egger test: p = 0.001; Begg test: p = 0.693; Figures 8, 9). The trim-and-filled method further confirmed the robustness of the EEG seizure in pediatrics with MCS (P < 0.001).
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FIGURE 5
The forest plot of the incidence of electroencephalographic (EEG) seizures after mechanical support in pediatrics.
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FIGURE 6
Begg’s funnel plot analysis of cardiopulmonary bypass (CPB) in pediatrics.
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FIGURE 7
Egger’s funnel plot analysis of cardiopulmonary bypass (CPB) in pediatrics.



[image: image]

FIGURE 8
Begg’s funnel plot analysis of extracorporeal membrane oxygenation (ECMO) in pediatrics.
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FIGURE 9
Egger’s funnel plot analysis of extracorporeal membrane oxygenation (ECMO) in pediatrics.




Potential sources of significant heterogeneity: sensitivity analysis, meta-regression, and subgroup analysis

A sensitivity analysis that ruled out each study at one time revealed that no single study affected the overall effect size of EEG seizures after MCS dramatically in adults and pediatrics (Figures 10–12).
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FIGURE 10
Influence analysis of cardiopulmonary bypass (CPB) in adults.
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FIGURE 11
Influence analysis of cardiopulmonary bypass (CPB) in pediatrics.
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FIGURE 12
Influence analysis of extracorporeal membrane oxygenation (ECMO) in pediatrics.




Adults

Age, female, diabetes, hypertension, myocardial infarction, chronic obstructive pulmonary disease (COPD), peripheral vascular disease, stroke, redo surgery, extracorporeal circulation time, aorta clamp time, coronary artery bypass graft (CABG), valvular surgery, combined CABG, and valvular surgery, emergency or urgent surgery were included in the random-effect univariate meta-regression analysis for EEG seizure after CPB in adults. As a result, the identified major sources of significant heterogeneity were redo surgery (coefficient = 0.0436, p = 0.044, adjusted R2 = 78.69%), and COPD (coefficient = 0.0749, p = 0.069, adjusted R2 = 58.07%) as shown in Table 1. Furthermore, subgroup analysis showed that adult subjects with a mean age of <65 years old had a lower risk of EEG seizures after CPB than those with a mean age of >65 years old (p < 0.0001 for subgroup difference; Table 2). In addition, studies without redo surgery and COPD had significantly lower EEG seizures after CPB than those with redo surgery or COPD (p < 0.0001 for subgroup difference; Table 2).


TABLE 1    Meta-regression analysis in adults and pediatrics.
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TABLE 2    Subgroup analysis for adult and pediatric.
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Pediatrics

Female, gestational age (week), birth weight, birth head circumference (cm), Apgar score, weight at operation, age at operation, total CPB time (min), total support time (min), duration of cumulative DHCA time (min), DHCA (%), aortic cross clamp time (min), delayed sternal closure (%) were included in the random-effect univariate meta-regression analysis for EEG seizure after CPB in pediatrics. As a result, the identified major sources of significant heterogeneity were gestational age (week) (coefficient = 0.0544, p = 0.080, adjusted R2 = 29.02%) as shown in Table 1. Subgroup analysis indicated that pediatric subjects with a median gestational age (week) < 38.5 had a lower risk of EEG seizures after CPB than those with a median gestational age (week) > 38.5 (p < 0.0001 for subgroup difference; Table 2).

Female, gestational age (week), weight at operation, ECMO criteria: extra-cardiopulmonary resuscitation (E-CPR), cardiac, respiratory, ECMO type [venous-venous (VV) or venous-artery (VA)], ECMO duration, and the cannulation site (neck, central, and femoral) were included in the random-effect univariate meta-regression analysis for EEG seizure after ECMO in pediatrics. As a result, the identified major source of significant heterogeneity was ECMO criteria-Respiratory (coefficient = –0.2616, p = 0.019, adjusted R2 = 72.911%) as shown in Table 1. Subgroup analysis indicated that pediatric subjects without respiratory failure had a lower risk of EEG seizures after ECMO than those with respiratory failure (p < 0.0001 for subgroup difference; Table 2).



Prognostic effect of electroencephalographic seizure on outcomes


Length of hospital stay

There was no significant increase in hospital stay in the EEG seizures group compared to the no EEG seizures group [weighted mean difference (WMD) = 4.2 days; 95%CI: –2.499 to 10.931; P = 0.218] (16, 17). Meanwhile, no statistical significance was detected in the EEG seizures group after ECMO (WMD: 3.301 days; 95%CI: –20.072 to 26.673; p = 0.782) (6, 18) in pediatric. However, a dramatic increase was observed in the group of EEG seizures after CPB as compared with the no EEG seizures group (WMD = 8.8 days; 95%CI: 1.3–16.385; P = 0.022) in pediatric (19–22).



Length of intensive care unit stay

A significant increase in length of intensive care unit (ICU) stay was observed in the group of EEG seizures after CPB as compared with the no EEG seizures group both in adults (WMD = 5.2 days; 95% CI: 1.908–8.475; P = 0.002) (17, 23, 24) and pediatrics (WMD = 7.1 days; 95% CI: 3.239–10.965; p < 0.001) (20, 21).



Hospital mortality

The analysis we performed suggested that the incidence of hospital mortality of EEG seizures in adults after CPB support was 4.5 times that of no EEG group (OR: 4.51 [2.91–6.98], p < 0.001) (16, 17, 24, 25).



Ventilation support

As for ventilator support, a trend of increase in the EEG seizures group in adults was observed as compared with the no EEG seizures group (WMD = 3.4 days; 95% CI: –0.305 to 7.157, p = 0.072) (17, 24). However, no significant increase was detected in the EEG seizures group of pediatrics after CPB (WMD = 3.2 days; 95%CI: –2.536 to 8.874; p = 0.276) (19–21).



Duration of cardiopulmonary bypass or extracorporeal membrane oxygenation

Statistically significant was observed in the duration of CPB or ECMO in the EEG seizures group of pediatrics compared with no EEG seizures group (WMD = 26.595 min; 95%CI: 11.584–41.605; p = 0.001) (22, 26, 27).





Discussion

In this systematic review and meta-analysis of 60 studies involving 36,191 adults and 55,475 pediatric patients, the results showed that the incidence of EEG seizures after MCS was 2% (95% CI: 1–3%) in adults and 12% (11–14%) in pediatrics.

To our knowledge, there is no quantitative analysis of the incidence, clinical outcomes, and risk factors of EEG seizures after MCS in different populations, making the results of this analysis more accurate and more convincing than the previous qualitative studies. Regarding risk factors of EEG seizures after MCS, we summarized age, COPD, and redo-surgery were related to the EEG seizures after MCS in adults. Furthermore, gestational week and respiratory failure were found to be associated with EEG seizures after MCS in pediatric patients. In addition, it is also worth noting that the clinical outcomes of EEG seizures were worse than the group without EEG seizures both in adults and pediatrics after MCS.

With the increasing attention and applications of MCS recently, patients with MCS have improved clinical outcomes, but there are some possible neurological complications it may bring, such as seizures, ischemic strokes, and intracranial hemorrhage, which may frustrate its benefit (28). Neuromonitoring plays a crucial role in enhancing a wide range of MCS neurological outcomes, with early detection and appropriate intervention (29, 30). However, the standard monitoring for MCS patients remains sparse. There are several neurological monitoring approaches in clinical practice, such as transcranial Doppler (TCD), near-infrared spectroscopy (NIRS), neuroimaging, serum injury biomarkers, and intracranial pressure (ICP) monitoring, somatosensory-evoked potentials (SEP), serial head ultrasounds (HUS) and EEG (31, 32). However, the validity of the approaches in monitoring MCS patients was inadequate because the previous studies were pilot studies with relatively small sample sizes. Thus, more validation and generalizability of neurological monitoring in MCS patients were supposed to be conducted.

The incidence of seizures was correlated with higher mortality and unfavorable neurodevelopmental outcomes (33). Therefore, great importance should be attached to the application of non-invasive monitoring (34), EEG, featuring with prompt detection of seizures for all patients with MCS (35). As for the risk factors of EEG seizures after MCS in adults, this study confirmed that age and redo surgery were correlated with EEG seizures (16, 17, 25). Besides, COPD was detected to be the risk factor for EEG seizures after CPB. The presence of COPD was considered to be a high-risk factor for CABG surgery, with detrimental postoperative outcomes (36). What is more, a retrospective study demonstrated that COPD was a risk factor for seizures in stroke patients, which may be attributed to its recurrence of oxygen desaturation at night (37). Moreover, CPB could trigger inflammatory activity, which plays a crucial role in deteriorating pulmonary and systemic. Thus, attention should be paid to the potential risk factors of EEG seizure with MCS. Since seizures are potentially treatable with early detection and medications, therefore, appropriate treatment of early postoperative seizures may be of high clinical importance.

Concerning the risk factors of EEG seizures after MCS in pediatrics, previous studies reported that EEG seizures were more common in infants undergoing circulatory arrest (38). In this study, we confirmed that gestational age was correlated with EEG seizures after CPB. Furthermore, respiratory failure was observed to be the primary risk factor for EEG seizures after ECMO in pediatrics. ECMO can serve as an artificial lung, which can provide an extracorporeal gas exchange to maintain adequate oxygenation and carbon dioxide removal in the acute phase of respiratory (39, 40). Furthermore, the V-V ECMO was commonly utilized in respiratory pediatric (41–43). However, the initiation of ECMO can activate the release of cytokines and lead to vasoplegia, which may facilitate coagulation abnormalities and precipitate ischemic and hemorrhagic injuries (44, 45). Therefore, the respiratory condition before and during surgery should be of great importance, and measures should be taken to protect the respiratory system of pediatrics, whose lungs are immature and more susceptible to the influence of ECMO. Conspicuously, the identification of risk factors can help to stratify patients and improve the management and prognosis of pediatrics.

In terms of clinical outcomes, this study suggested that the hospital mortality and ventilation support time of EEG seizures after CPB were worse than the group without EEG seizures in adults. Furthermore, in adults, EEGseizures following CPB were significantly associated with mortality (14, 46) In addition, the length of hospital stays and the duration of CPB or ECMO in the EEG seizures group after CPB were worse than in the group without EEG seizures in the pediatric patients. Moreover, the length of ICU stays was longer in the EEG seizures group in adults as well as in pediatrics.

In this study, we found obvious differences in a diverse population (adult vs. pediatric patients) and types (CPB vs. ECMO) of MCS. Although the related precise underlying mechanisms remain unclear, the following reasons could not be ruled out: first, the pediatric population is more susceptible to the impact of MCS. In that, the organ structure and the immune system of the child are more premature. Furthermore, the neonates were non-verbal and they could not express the sensory phenomena linked with seizures, thus the majority of neonatal seizures were ascertained by EEG (47). Moreover, the congenital heart disease is better to be repaired in the neonatal and infant period, which may be more accessible to the hemodynamic instability resulting from the systemic inflammatory response of MCS, leading to an increased vulnerability to brain injury (48). Second, CPB is conducted at a low temperature while ECMO is mostly at a normal temperature. It is reported that low temperature has a certain brain protection ability (49). What is more, there are some differences between CPB and ECMO. CPB provides complete respiratory support and hemodynamic stability along with the ability to manipulate flow and blood pressure according to the requirements of certain stages of the operation, but it may activate systematic inflammation. Venous-venous (VV) ECMO offers breathing support without hemodynamic support. And venous-arterial (VA) ECMO provides respiratory and hemodynamic support (50), whereas intraoperative ECMO can result in hemodynamic instability, catastrophic air embolism, and other complications (50). Seizures of EEG in adults following MCS, however, should be given more prominence, which is more likely to be overlooked in clinical practice. Although the literature is sparse on the use of EEG monitoring in adult patients on ECMO (46), Interestingly, the incidence of EEG seizures in adult ECMO patients was quite limited, as antiepileptic drugs were rapidly initiated to limit these events, which should be paid more attention to.

Previous studies showed that EEG seizures occur more frequently than clinical seizures, highlighting the importance of clinicians using EEG to detect subclinical seizures. The actual incidence of postoperative seizures is probably underestimated, especially since detection is difficult and diagnosis is often based solely on clinically apparent signs and symptoms. As a result, specially trained clinicians will report seizure activity more accurately than a person who does not have this type of clinical routine or a researcher who consults a hospital database. Because the number of patients with multiple comorbidities undergoing cardiac surgical procedures will likely increase in the future, it could be assumed that the incidence of neurologic complications, including seizures, will rise concomitantly. All mechanisms leading to seizure activity in adults following cardiac surgery have not been determined. As well, the prevalence of EEG seizures associated with MCS appears to be multifactorial. Risk factors associated with seizures, most of which cannot or may only be partially altered. In other words, early diagnosis of seizures and identification of underlying causes is essential to reduce EEG seizure-associated long-term morbidity and mortality of patients (51).

There are several limitations to this review we need to illustrate. First, this meta-analysis is quite heterogeneous after a comprehensive analysis, but we have elaborated on the possible reasons for the heterogeneity, sensitivity analysis, meta-regression, and subgroup analysis were used to explore the potential sources of heterogeneity. Second, it was not possible to distinguish between patients receiving venous-arterial and venous ECMO, except for certain studies that demonstrated practical methods. Third, we could not rule out the potentially harmful effect of publication bias on the results. Fourth, EEG provides data that helps clinicians in decision-making in the setting of seizures-related situations (52). However, not all patients have access to EEG follow-up, which may lead to a potential underestimation of the real incidence of EEG seizures.



Conclusion

EEG seizures after MCS are more common in pediatrics than in adults. In addition, the incidence of EEG seizures after ECMO was higher than CPB, both in adults and children. It is expected that appropriate measures should be taken to control modifiable risk factors, thus improving the prognosis and increasing the long-term survival rate of MCS patients.
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