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Editorial on the Research Topic
Inflammation and heart surgery



Cardiac surgery involves some of the most intensive and at-risk surgical procedures. Various factors, such as surgical trauma, and the extracorporeal circulation, induce complex systemic inflammatory response as well as organ-specific perioperative morbidity and mortality. Despite advancements in surgical techniques and cardiopulmonary bypass (CPB) technologies over the previous decades, cardiac surgery continues to be associated with these significantly fatal complications (1). An analysis of the Society of Thoracic Surgeons database of >600,000 isolated coronary artery bypass graft procedures identified major postoperative complications including stroke, renal failure, re-operations, and prolonged ventilation in 10.3% patients undergoing this procedure, with a failure to rescue rate in 16%–22% of cases (2).

These complications are further aggravated in other complex procedures and affected by the increasingly aging population presenting for cardiac surgery. The major knowledge gaps in the prevention of these complications as well as monitoring and recovery of these at-risk patients necessitate the need for further research and innovation within these areas.

Various theories regarding the causes of these complications have emerged. The most common of these, identify inflammation, oxidative stress and ischaemia-reperfusion injury as the fundamental mechanisms underlying the pathogenesis of adverse events (3). The contribution of the inflammatory response to post-operative outcomes is increasingly being recognised as an arena for further research.

Tremendous progress has been made in this field; from understanding molecular mechanisms to discovering effective interventions in the laboratory and pre-clinical set up. However, limited data exists on the translation of these insights into everyday clinical practice. We have launched this article collection with an aim to provide a broad overview of the current and emerging research on the role of inflammation in cardiac surgery as well as the definition of best practices in this field.

This special issue on Inflammation and Heart Surgery comprises 11 papers, including 9 original articles, 1 systematic review, and 1 narrative review. The papers cover a broad range of topics focusing on current and emerging research on the role of inflammation in cardiac surgery. The original articles evaluate role of inflammation in perioperative neurocognitive decline, acute kidney injury, endothelial dysfunction, acute type A aortic dissection (ATAAD), mediastinitis, and acute lung injury (ALI) after cardiac surgical interventions. Two original articles evaluate devices while the narrative review gives a comprehensive overview of inflammation after cardiac surgery on cardiopulmonary bypass and strategies to attenuate it. Finally, the systematic review evaluates all currently available infective endocarditis (IE) risk scores to establish effectiveness of existing scores.

Ma et al. tested the hypothesis that the Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, a macromolecular protein complex linked to disorders of the central nervous system, contributes to perioperative neurocognitive decline (PND) and cardiac surgery related PND occurrence is associated with an increase in NLRP3 level. This first in-human study validated the hypothesis and has implications for future research. Krűger et al. in a translational study investigated evolution of wingless-related integration site (WNT) plasma concentration over time and proposed WNT antagonism as a target for further investigation. Yu et al. and Feng et al. complemented existing literature by evaluating role of lymphocyte neutrophil ratio as a predictor of off-pump coronary artery bypass grafting-associated acute kidney injury and neutrophil count as an effective inflammatory index and independent risk factor for in-hospital mortality in patients with ATAAD. On a similar theme, Li et al. make a case for inclusion of interleukin-6 (IL-6) in predictive model for ALI after surgery for thoracic aortic disease. Laudanski et al. investigated impact of cardiac surgery on complement activation and its protective elements (apolipoprotein J and complement factor H) and reported prolonged alterations in complement milieu up to 3 months after cardiac surgery. Risnes et al. investigated the relationship between mediastinitis and troponin T (TnT) and N-terminal pro-brain natriuretic peptide (NT-proBNP) and concluded that raised levels of TnT and NT-proBNP in patients with mediastinitis are surrogates of myocardial injury and cardiac dysfunction. The SedLine device has been recently launched for monitoring of processed electroencephalography (pEEG). Belletti et al. investigated, the previously unknown, impact of temperature on SedLine derived changes in pEEG and provide new insights for clinicians using SedLine for monitoring depth of anesthesia. Geisler et al. evaluated the efficacy of a hemadsorption device, CytoSorb®, and failed to show a significant impact on reduction of IL-6 or periprocedural mortality in patients undergoing complex cardiac surgery. The narrative review by Banerjee et al. provides an expert overview of systemic inflammation after cardiac surgery on CPB and focuses on pharmacological and non-pharmacological strategies to mitigate CPB-related maladaptive inflammatory response. Lastly, the systematic review by Rizzo et al. evaluates all currently available IE scores and concludes that all scores have inherent limitations with lack of external validation, restricting their global utilization.

The spectrum of manuscripts in this special issue clearly suggests that a lot of research is going on in the arena of inflammation and heart surgery in different research avenues, all of them equally exhilarating and pertinent. However, they also highlight that we are at crossroads advancing the theory, expanding the translational evaluation, and leveraging fundamental basic science into clinical patient benefit.

The spectrum of basic science or translational research manuscripts in this collection demonstrates some exciting progress but we are still far from a comprehensive understanding of the principle dilemmas. There is no doubt, that all patients experience a degree of systemic inflammatory response with oxidative stress, leukocyte, and mediator activation but we still have not identified the global transcriptomic, proteomic and metabolic shifts that can differentiate mild and transient responses from those contributing significantly to postoperative complications. Similarly, we do not have a clear handle of patients’ perioperative phenotypes that underpin susceptibility and predisposition of some patients for a higher inflammatory response with pathogenic contribution. While a multimodality approach is advocated targeting multiple steps in the inflammatory response, such an effort will only be successful if the component contribution is relevant.

Thus, in the era of global genetics, personal phenotyping, unparallelled bioinformatics repertoire, and artificial intelligence, there is an urgent need to fully uncover the precise interactions between genetic predisposition and the multiple environmental exposure modulating the patients' biochemical and immunological responses to perioperative trauma and operative procedural factors in causing clinical harm in high risk patients. We are of the opinion that this hugely important topic has not yet mobilised the greatest partnership between basic scientists and clinicians at national and international levels to place systemic inflammatory response syndrome (SIRS) on top of the agenda of surgical sciences. We advocate bringing together the leading force of basic scientists in the field of oxidative stress, immunology, and inflammation and clinical academics covering the full perioperative spectrum of cardiac surgery to fully define what needs to be done to decode the mechanisms, mediators, effector pathways, and the most sophisticated means to target these for clinical benefit. This now needs leading international co-operation between academia, clinicians, and industry under the auspices of major international professional societies.

Lots of work has been done and we are at the crossroads of SIRS research. This special issue collates some of these research activities focusing on new research lines and potential therapeutic targets emphasising the need for international consensus development.
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Background: Perioperative neurocognitive disorders (PND) are a common complication of cardiac surgery in elderly patients. The etiopathogenesis of PND is not clear. Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, a macromolecular protein complex, regulates inflammation by inducing the release of proinflammatory cytokines interleukin (IL)-1β and IL-18. Studies have demonstrated a close link between the NLRP3 inflammasome and central nervous system diseases. Nevertheless, the involvement of NLRP3 inflammasome in the causation of PND occurring after cardiac surgery is unclear. This study aimed to investigate the association of serum NLRP3 level with PND.



Methods: We performed a retrospective study, enrolled 75 patients undergoing elective cardiac surgery and evaluated their cognitive functions one day before and 7 days after surgery. PND were determined according to the International Study of Postoperative Cognitive Dysfunction studies. Demographics and perioperative parameters were recorded. Perioperative serum NLRP3 protein, IL-1β, and IL-18 levels were monitored.



Results: The PND incidence in our cohort was 33.33%. NLRP3 protein levels were significantly increased in all patients at each postoperative time-point after general anesthesia and cardiac surgery under cardiopulmonary bypass. Patients showing cognitive dysfunction had higher serum NLRP3 protein, caspase-1, IL-1β, and IL-18 levels immediately after the operation. Variables associated with the incidence of early PND were included in the regression models. After adjusting for confounding variables, high serum NLRP3 protein level at the end of the operation and old age were identified as independent predictors of PND.



Conclusions: High serum NLRP3 protein level at the completion of cardiac surgery was associated with a higher risk of PND seven days after surgery.



Trial registration: The study was registered at Clinicaltrials.gov (registration number: NCT04191642).
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Background

Cardiopulmonary bypass (CPB) during cardiovascular surgery facilitates the operation and helps sustain the patient's life. However, systemic inflammatory response induced by CPB contributes to a number of complications (1), including perioperative neurocognitive disorders (PND). PND are characterized by short-term or long-term decline in cognitive performance after surgery affecting different aspects of cognition (e.g., impaired visual or verbal memory, attention, language understanding, concentration), and thus increasing mortality and impairing the quality of life (2). Because of the major physiological impact of cardiac surgery, the incidence of PND is particularly high after cardiac surgery, with a reported incidence of 25%–50% within one week after coronary artery bypass grafting (3, 4). Although the pathogenetic mechanisms of PND are not well characterized, inflammation is believed to play a potential role in its causation. Surgical trauma provokes central nervous system and systemic inflammation, triggering the release of inflammatory mediators such as interleukin (IL)-1β. Neuroinflammation induced by surgical trauma can occur due to passage of inflammatory mediators across the blood–brain barrier or due to trauma-induced secretion of inflammatory cytokines within the brain, leading to cognitive decline. However, the pathogenesis of PND is a complex phenomenon that likely involves the interaction between multiple factors. Therefore, investigation of the specific role of inflammation in the pathogenesis of PND is a key imperative.

The inflammasome, a key element of the innate immune system, is a macromolecular protein complex that modulates inflammation. The Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, as the most-characterized inflammasome till date, is a platform where cysteine protease caspase-1 is activated. Caspase-1 initiates the production of proinflammatory cytokines IL-1β and IL-18. Increased level of NLRP3 has a high positive predictive value for diagnosing various disorders and is a determinant of short- and long-term prognoses (5, 6). Recent research has indicated a strong link between the NLRP3 inflammasome and central nervous system diseases (6, 7). Targeting the assembly and function of the NLRP3 inflammasome is a novel therapeutic strategy for inflammatory diseases including ischemic stroke concomitant with diabetes (7). The NLRP3 inflammasome has been identified as a potential therapeutic target and biomarker in the management of traumatic brain injury (6).

An animal experiment suggested the involvement of NLRP3 priming status in the brains of old mice in the causation of isoflurane-induced cognitive impairment and hippocampal inflammation (8). To the best of our knowledge, the involvement of the NLRP3 inflammasome in operation-induced PND is not well characterized. In our animal experiment, the upregulation of systemic and hippocampal NLRP3 expression after surgery in aged mice was found to be associated with memory and learning dysfunction (data not published). However, the relationship between cognitive dysfunction after surgical trauma and the NLRP3 expression in humans remains to be investigated.

Considering the above body of evidence, we designed this clinical study to test our hypotheses that the NLRP3 inflammasome participates in the incidence of PND and that the occurrence of PND after cardiac surgery is attributable to an increase in perioperative NLRP3 level. This study may provide evidence to develop specific drugs or therapies to reduce NLRP3-induced cognitive impairment-associated PND and to improve prognosis.



Materials and methods


Subjects

This study was approved by the Ethics Committee of the General Hospital of Ningxia Medical University (No. 2018-020). Written informed consent was obtained from all patients. The study was conducted in compliance with the principles of the Declaration of Helsinki. Patients receiving heart valve replacement at the General Hospital of Ningxia Medical University between May 2019 and March 2021were eligible for enrolment. The inclusion criteria were: patients aged ≥18 years who were scheduled for aortic or mitral valve replacement under moderate hypothermic CPB; minimum expected postoperative length of hospital: 7 days; American Society of Anesthesiologists physical status II or III. The exclusion criteria were: (1) incomplete cognitive assessment or a Mini-mental state examination (MMSE) score <18; (2) complications that may affect cognitive assessment, such as unstable mental status, mental illness, or language, visual or auditory dysfunction; (3) left ventricular ejection fraction (LVEF) <45%; (4) patients who received high-dose pharmacologic intervention (phenylephrine 100-µg bolus, and epinephrine >0.1 mg/kg/min) for hemodynamic stability [mean arterial pressure (MAP) >60 mmHg]. A nonsurgical control group (spouses who provided written informed consent and qualified the same inclusion/exclusion criteria) was established to determine the effects of repeated neuropsychological testing (practice effect). This study was registered at Clinicaltrials.gov (NCT04191642).



Anesthesia and surgery

Standard general anesthesia was applied throughout. Nasopharyngeal and rectal temperatures, 5-lead electrocardiogram, capnography, and pulse oximetry were routinely monitored. Systemic arterial blood pressure was detected by radial artery catheterization. Anesthesia was initiated using target-controlled infusion of propofol, and the bispectral index was maintained at 40–60. In the unconscious state, 0.2 mg/kg cisatracurium and 0.8–1.5 µg/kg sufentanil were infused. After tracheal intubation, the lungs were ventilated with O2-rich air (0.6 of inspired O2) calibrated to an end-tidal CO2 partial pressure of 35–45 mmHg. Then, the central venous pressure and fluid control were monitored by inserting a central venous catheter. Intermittent IV boluses of sufentanil were administered (total dose, 3–5 µg/kg) according to the blood pressure and heart rate. All patients received infusion of 0.1 mg/kg/h cisatracurium throughout the surgery.

Standard median sternotomy was performed for surgical approach in all patients. The body temperature was reduced to 30–32°C during CPB. All patients were treated with an intermittent antegrade infusion of cooled high-potassium blood to induce cardioplegia during continuous aortic cross-clamping (ACC) using a non-pulsatile flow rate of 2.2–2.8 L/min/m2. In a cell-saving device, the blood in the CPB circuit and from the surgical field was obtained, centrifuged, washed, and infused within 4 h after CPB. Hematocrit was maintained at >25%, with the addition of blood, if required. To normalize serum blood glucose level >150 mg/dl, insulin therapy was started perioperatively. Pre- or post-CPB hemodynamic modulation was targeted to maintain MAP at 60–100 mmHg. Hypertension was handled with sufentanil (bolus dose) or 0.1–0.5 mg/kg/min nitroglycerin, or both. Hypotension was treated with fluid intake (including crystalloids, colloids, and blood products) or use of vasoactive drugs (phenylephrine IV, 20–100 µg, or concomitant epinephrine, 0.01–0.1 mg/kg/min). The dosage of vasoactive drugs, fluid intake, and urine were recorded after the surgery.

Prior to skin closure, 0.08 mg/kg midazolam (bolus dose) was administered intravenously and the infusion of propofol was terminated. Postoperatively, all patients were admitted to the intensive care unit (ICU). Extubation was performed when a patient was able to maintain adequate spontaneous breathing and required the least oxygen support, which was indicated by normal arterial blood gas levels. When a patient did not require inotropic or oxygen and was hemodynamically stabilize with normal blood gas variables, he/she was discharged from the ICU. The length of the ICU stay was recorded.

Basic data collection included demographic variables obtained via questionnaire, including sex, age, years of education, and body mass index (BMI). Medical history data acquired from patient medical records included history of hypertension, hyperlipidemia, diabetes, aortic plaque, chronic renal dysfunction, cerebrovascular disease, and carotid artery stenosis. Hemodynamic measurements were performed before anesthesia initiation, before skin incision, after sternotomy, CBP-cessation, and at 1, 2 and 4 h after CPB (post-CPB 1, 2, 4 h respectively). At pre-incision, CBP-cessation, and post-CPB 2 h and 4 h, radial artery blood sample was collected for blood gas, lactic acid, and blood glucose examinations. Peripheral venous blood sample was collected to determine IL-1β, IL-18, and NLRP3 expressions at pre-induction, at the end of the operation, and post-CPB 3 d. Complications occurring within seven days postoperatively (i.e., infection, bleeding, and organ dysfunction) were recorded.



Neuropsychological assessment

Cognitive function assessments were performed 1 day before and 7 days after the operation in a quiet environment in the general ward. A widely-used test battery (9) was performed in Chinese. The specific tests conducted were: MMSE; Trail Making Test (A/B); WAIS Digit Symbol Substitution Test (WDSST); Rey Auditory Verbal Learning Test (RAVLT; immediate and delayed recall); brief visuospatial memory test-revised (BVMT-R); Controlled Oral Word Association Test (COWAT); and WAIS Digit Span Test (forward and backward). At 1 week post-operatively, the cognitive tests were repeated. Pain was assessed using the Visual Analog Scale (VAS) at 7 days postoperatively.

PND were defined using z scores as recommended by the International Study of Postoperative Cognitive Dysfunction studies (10). To examine the learning effect, we calculated the variations (including mean and standard deviation) from baseline in each test performance for controls. For the patients, we compared the scores before and at 1-week after the operation, subtracted the average learning impact, and divided the results by the standard deviation (SD) of the control group to determine the z score for each test. Then, a composite z score was computed as the sum of these z scores for any patient divided by the standard deviation of the corresponding sum in the controls. Then, to create a combined z score, the z scores of all tests in a patient were added and divided by the SD for this sum of z scores in the controls. PND was diagnosed if the z score was ≥1.96 in ≥2 separate cognitive tests or the composite z score was ≥1.96. Postoperative delirium was also considered as PND.



Serum NLRP3,IL-1β, and IL-18 levels

After 10 min of centrifugation at 2,000 g, serum was obtained and stored at −80°C until further processing. Enzyme-linked immunosorbent assay (ELISA) kits (CLOUD-CLONE CORP., USA) were used to detect plasma levels of IL-18 (L200910330580), IL-1β (L200910324), and NLRP3 (L2009103305830), according to the manufacturer's protocols.



Endpoints and sample size

Our primary objective was to compare NLRP3 levels between patients with and without PND. The secondary objective was to compare serum IL-18 and IL-1β levels. In line with a previous study (11) and our pilot study, we assumed that 40% of the patients are affected by PND and that the postoperative NLRP3 levels of PND patients will be three times higher than those of non-PND patients. Factoring a two-tailed significance level of 0.05, a sample size of 71 was required to obtain a 90% statistical power to detect this difference. Given an estimated attrition rate of 10%, the final sample size was increased to a total of 81 patients.



Statistical analysis

Categorical variables were reported as frequency (percentage) and continuous variables as mean ± SD. Normality of distribution of continuous variables was assessed using the Kolmogorov–Smirnov test. Between-group differences with respect to normally-distributed variables were assessed using Student's t-test, while those with respect to non-normally distributed variables were assessed using the non-parametric Mann-Whitney test. Categorical variables were analyzed using Chi-squared test and Fisher's exact test. Differences in NLRP3, IL-1β, IL-18 levels, and other vital parameters over time between the PND and the non-PND groups were assessed using repeated measures analysis of variance (ANOVA) with post hoc Bonferroni correction.

Association of serum NLRP3 level with the onset of early PND was assessed using multivariate logistic regression analysis and the results presented as odds ratio (OR) and 95% confidence interval (CI). First, association of each baseline or perioperative variable with PND was tested. Variables associated with P values ≤0.05 were included in multivariate logistic regression to identify the risk-adjusted predictors of PND. Relationships of NLRP3 with IL-1β and IL-18 was assessed using Pearson correlation analysis. Two-tailed P values <0.05 were considered indicative of statistical significance. All statistical analyses were conducted using SPSS 22.0 (SPSS Inc, Chicago, Illinois).




Results

Ninety-three of the initial 100 patients qualified the selection criteria, of whom 10 opted out of the study. The remaining 83 patients provided informed consent and were enrolled. Of them, 8 patients did not complete all follow-up tests because of: withdrawal of consent due to no postoperative NLRP3 value or no postoperative cognitive testing (n = 4), or hemodynamic instability (n = 3), and one death caused by intractable ventricular fibrillation on the second day after surgery. Finally, 75 patients were included (Figure 1), and their characteristics are summarized in Table 1. To estimate the size of the practice effect for neuropsychological tests, we enrolled 21 control subjects during the same period, who were matched with the patients with respect to many parameters, such as age, proportion of females, education level, and BMI. Descriptive details of the changes in each cognitive test are shown in Table 2.


[image: Figure 1]
FIGURE 1
Flow chart of the study. overall, 100 patients were recruited, and 75 patients completed all the tests.



TABLE 1 Characteristics of the study population.
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TABLE 2 Cognitive performance of patients and control subjects.
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Patient characteristics

Two patients suffered delirium after the surgery, according to their clinical features and the CAM–ICU scores, their conditions were promptly resolved after drug treatment. According to the neuropsychological assessment at seventh day postoperatively (Table 2), cognitive impairment was identified in 25 patients (including the two patients with delirium), but in none of the control subjects. Therefore, the incidence of PND in our cohort was 33.33% (25/75). There were no significant differences between patients with and without PND with respect to physiological parameters or laboratory markers (e.g., MBP, HR, SPO­2, body temperature, lactic acid, blood glucose). Several indices, including the sex distribution, hypertension, BMI, occurrence of postoperative complications, and preoperative LVEF, were comparable in the PND and non-PND groups (P > 0.05; Table 1). Patients with PND were significantly older (57.33 ± 7.65 vs. 62.65 ± 6.94 years, P = 0.004) and less educated (7.43 ± 3.39 vs. 4.54 ± 3.93 years, P = 0.001) than the non-PND subjects. Regarding perioperative parameters, the PND group relative to the non-PND group had longer ACC time (111.42 ± 44.96 vs. 89.90 ± 32.28 h, P = 0.019) and postoperative ICU stay (3.85 ± 1.87 vs. 2.47 ± 1.12 days, P < 0.001).



Serum NLRP3, caspase-1, IL-1β and IL-18 profiles

We compared the NLRP3 inflammasome-related proteins between the two groups. Serum NLRP3 levels were low before surgery. General anesthesia and cardiac surgery under CPB significantly increased NLRP3 protein levels at each postoperative time-point in both PND group (1.69 ± 0.41, 1.82 ± 0.47 vs.1.21 ± 0.36 ng/ml, P < 0.001) and non-PND group (1.38 ± 0.36, 1.65 ± 0.39 vs. 1.19 ± 0.30 ng/ml, P < 0.001, Figure 2A).


[image: Figure 2]
FIGURE 2
Serum NLRP3, caspase-3, IL-18, and IL-1β in non-PND and PND groups. * P < 0.05 vs. baseline; # P < 0.05 vs. the non-PND group at same time-point. A moderate positive association between NLRP3 and IL-1β (r = 0.330, P = 0.004) levels and a weak positive association of increase in NLRP3 with increase in IL-18 (r = 0.265, P = 0.021) and caspase-1 (r = 0.241, P = 0.038) levels was observed at the end of the surgery (Figure 3). Abbreviations: NLRP3, Nod-like receptor family pyrin domain containing 3; PND, Perioperative neurocognitive disorders; IL, interleukin.
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FIGURE 3
Scatter plots showing the positive relationship of NLRP3 with IL-1β (A), IL-18 (B), and caspase-1 (C). Dotted lines present the trend lines. Abbreviations: NLRP3, Nod-like receptor family pyrin domain containing 3; IL, interleukin.


There were no significant between-group differences with respect to preoperative serum NLRP3 levels (Figure 2A). However, immediately after the operation, the levels were significantly higher in early PND patients than in the non-PND patients (1.69 ± 0.41 vs. 1.38 ± 0.36 ng/ml, P = 0.001, Figure 2A).

Corresponding to the rising level of NLRP3, serum caspase-1, IL-1β, and IL-18 levels were elevated postoperatively and reached peak level immediately after the operation, and then decreased at day 3 postoperatively (Figures 2B–D), but remained higher than the baseline levels. Compared with the non-PND patients, PND patients had higher levels of caspase-1, IL-1β, and IL-18 immediately after the operation (P = 0.009, 0.021, and 0.001, respectively, Figures 2C,D).




Variables associated with occurrence of early PND

Variables associated with the occurrence of early PND were included in the regression models. After adjusting for potential confounding factors, high serum NLRP3 protein level at the end of the operation was found to be an independent predictor of cognitive dysfunction (OR 0.128, 95% CI, 0.021–0.763, P = 0.024; Table 3). Old age was another independent predictor of early PND (OR 0.910, 95% CI, 0.021–0.763, P = 0.040; Table 3).


TABLE 3 Predictors of postoperative cognitive dysfunction at 1 week after surgery.

[image: Table 3]



Receiver operating characteristic (ROC) analysis

On ROC curve analysis, NLRP3 protein levels at the end of the operation showed a good predictive accuracy for PND (area under the curve = 0.723; 95% CI, 0.603–0.843; P = 0.002; Figure 4).


[image: Figure 4]
FIGURE 4
ROC curve showing the predictive ability of NLRP3 for PND in cardiac operation patients.




Discussion

There were two main findings of our study. (1) Serum NLRP3 protein, IL-18, and IL-1β levels increased after cardiac surgery; and (2) elevated NLRP3 and old age were associated with higher risk of PND after cardiac surgery. These results seem to confirm our hypothesis that the NLRP3 inflammasome plays an instrumental role in the development of neurocognitive deficit after surgery and may be a predictor of PND following cardiac surgery.

The neuropsychological test battery and the definition of PND applied in this study have been widely used in previous studies (9, 12), including the assessment of attention, concentration, executive function, memory, psychomotor speed, and visuospatial ability. Though these disorders may also occur after noncardiac surgeries, they are a special concern after cardiac surgery because of perturbations, such as CPB, median sternotomy, and long surgical and anesthetic time (13). Elimination of some factors (e.g., poor cardiac function, history of mental illness) that may have influenced the results helped improve the credibility of our results. In our study, the incidence of new PND within 7 days after surgery was 33.33%. These statistics, despite being higher than the incidence rate after noncardiac surgery, are consistent with other research in cardiac surgery (14).

Surgical trauma can initiate a systemic inflammatory response, and inflammatory cytokines can cause neuroinflammation by triggering the release of inflammatory cytokines in the brain or by directly crossing the blood–brain barrier, contributing to cognitive deterioration. To verify the pro-inflammatory characteristics of NLRP3, we focused on the role of the NLRP3 inflammasome in PND occurrence. As evidenced by the increased levels of IL-1β and IL-18 and significant upregulation of the NLRP3 protein, our findings clearly demonstrate that anesthesia and/or cardiac surgery can induce severe inflammatory response.

Based on the behavioral performance after surgery, we divided the patients into PND and non-PND groups. PND were clearly identified as a multi-factor condition. Our results indicate higher risk factors in the PND group, including ACC time, poor education, postoperative ICU stay, surgery time, and serum NLRP3 and IL-1β levels at the end of the operation. The increased NLRP3, IL-1β, and IL-18 levels in the PND patients are consistent with previous reports which showed that inflammation, particularly increased IL-1β level, is instrumental in PND occurrence (2, 15). More importantly, multiple logistic regression analyses and correlation analysis identified high serum NLRP3 level at the end of surgery was associated with a higher risk of cognitive dysfunction seven days after heart surgery. This indicates the involvement of NLRP3 inflammasome in the pathogenesis of PND in a clinically complex environment. These findings are consistent with another study in which NLRP3 inflammasome activation was found to be linked with inflammation-induced cognitive dysfunction and neuropathological variations with aging (16). In another study, patients with acute coronary syndrome showed increased peripheral blood monocyte NLRP3 protein level, which showed a correlation with the severity of coronary atherosclerosis. This suggested its potential prognostic relevance in predicting major adverse cardiac events (5). These studies indicate that NLRP3 can be a predictor of inflammation-related diseases. Our ROC curve analysis also suggested that serum NLRP3 level is a good predictor of PND. In addition, since the ablation of each part of the NLRP3 inflammasome helps prevent age-related cognitive decline caused by neuroinflammation and neurodegeneration, such as in Alzheimer's disease (16–18), we deduce that the NLRP3 inflammasome can be immensely valuable as a potential therapeutic target for PND.

Surgery can activate immune cells, thus amplifying the immune response. In this process, the NLRP3 inflammasome modulates caspase-1 activation, which determines the maturation and production of IL-1β and IL-18. IL-1β is known to play an important role in the pathological process of PND, and IL-18 can influence the integrity of neurons and increase neuroinflammation in the brain (19), thus leading to cognitive deterioration in Alzheimer's disease (15). Although we observed elevated levels of systemic IL-1β and IL-18 post-operatively, and a significant correlation was found between NLRP3 and IL-1β, IL-18, but after adjusting for confounding factors, IL-1β and IL-18 were not identified as risk factors for PND on multiple logistic regression analyses. This is inconsistent with the results of a previous study (2). The discrepancy can be ascribed to the relatively small sample size of our study, and the differences in populations and neurocognitive testing modalities between studies. Thus, further investigations in this regard are required.

Three days postoperatively, however, we found no difference in IL-1β or NLRP3 levels between PND and non-PND groups. This is because the elimination of some pathogenic factors resulted in a postoperative decline in the expressions of inflammatory cytokines. Nevertheless, the ways in which memory and cognition are affected by an inflammatory event may be modulated by time-dependent mechanisms. Probably within hours to days after inflammation, the cytokine-dependent signaling directly interacts with the mechanisms of memory events (20). The memory and cognitive deficits found in the weeks to months after anesthesia and surgery can be attributed to these primary events that initiate long-lasting neuronal changes through neurogenetic and epigenetic alterations (20).

Our results also revealed old age as a significant risk factor for PND. Older patients often have more neurovascular disease risk factors, more severe cerebral white matter injury, and less cognitive reserve than younger patients, and thus are at a higher risk of cognitive disorders after anesthesia and surgery (21). Multiple studies have identified diabetes, lower educational level, duration of surgery, and duration of ICU stay as significant risk factors for PND (21–23), but no correlation was noted in the present study. This discrepancy may be attributable to the relatively small sample size and narrow differences in the duration of ICU stay, education background, and other aspects. Hence, future research with a larger sample size is warranted. The difference in the risk factors identified among studies can also be explained by differences in the diagnosis of PND, subjective factors, and diverse analytic procedures, which may mask the effects of some risk factors.

This study has at least two limitations. First, despite the strict inclusion criteria, our study had a relatively small sample size. In addition, the relationship between the NLRP3 level and the occurrence of PND after non-cardiac surgeries is unknown. Second, our observation ended one week after the surgery because of difficulties in sampling blood and performing cognitive tests, and therefore, the temporal change in NLRP3 after surgery and the long-term relationship between NLRP3 and PND remain unknown.



Conclusions

In this study, high serum NLRP3 level at the end of surgery was associated with a higher risk of cognitive dysfunction seven days after heart surgery. Larger clinical studies are required to provide more robust evidence of the value of NLRP3 as a predictive biomarker for PND.
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Objectives: This study aims to investigate whether the ratios of cell types in peripheral blood could be used as reliable predictors of off-pump coronary artery bypass grafting (CABG)-associated acute kidney injury (AKI).



Materials and methods: We retrospectively reviewed patients (n = 420) undergoing off-pump CABG from January 1, 2021 to January 1, 2022 in Qilu Hospital of Shandong University. We used logistic regression analysis to identify the potential predictors of off-pump CABG-associated AKI and construct a predictive model. Receiver operating characteristic (ROC) curve analysis was used to evaluate the predictive ability of predictors and prediction models.



Results: The prevalence of AKI associated with off-pump CABG was 20.95%. Patients in the AKI group had significantly higher ratios of peripheral blood cells on postoperative day (POD)1 than patients in the non-AKI group (P < 0.01). The area under the ROC curve (AUC) of the neutrophil:lymphocyte ratio (NLR) on POD1 for predicting off-pump CABG-associated AKI was 0.780 and the cutoff value was 20.07. Patients with high NLR on POD1 had a poor short-term prognosis. The AUC of the predictive model constructed by logistic regression analysis was 0.882. The sensitivity was 68.2% and the specificity was 93.1%.



Conclusion: The NLR on POD1 was a reliable predictive biomarker of off-pump CABG-associated AKI. And we successfully construct a prediction model, which contribute to the early recognition and management of off-pump CABG-associated AKI.
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Introduction

Acute kidney injury (AKI) involves a sudden decline in renal function. Approximately 20% of adult patients develop AKI during hospitalization, 10% of whom require dialysis (1). Studies have indicated that even mild AKI is associated with a significantly increased risk of death, and the mortality in patients requiring renal replacement therapy (RRT) is 50%, which poses a huge challenge for medical professionals (1–4).

AKI development is heterogenous, and several mechanisms may be involved (5). Patients undergoing cardiac surgery are more likely to develop AKI due to hemodynamic changes, an increased inflammatory response, and use of nephrotoxic medications (6). Moreover, cardiac surgery-associated AKI (CSA-AKI) is associated independently with short-term and long-term mortality (7–9). Considering the high prevalence (≤42%) and severe effects of CSA-AKI, early recognition and intervention are very important (10).

The inflammatory cascade is considered to be a major event that aggravates injury to tubular epithelial cells and reduces the glomerular filtration rate (GFR) during the extension phase: this represents the most promising phase for successful treatment and intervention of AKI (11). Therefore, the predictive role of inflammatory response-related biomarkers in CSA-AKI has been studied extensively.

The relevant ratios of different cell types in peripheral blood are able to reflect the inflammation and have been found to be potential predictors of AKI after acute type-A aortic dissection, on-pump coronary artery bypass grafting (CABG), and transcatheter implantation of aortic valves (12–17). However, studies on the relationship between off-pump CABG-associated AKI and the inflammatory response are lacking.

Off-pump CABG-associated AKI also significantly increases the risk of renal replacement therapy and death in patients (18–20). The risk factors for the development of AKI behind off-pump CABG are not well understood. We investigated whether the ratios of cell types in peripheral blood could be predictors of off-pump CABG-associated AKI. We look forward to providing guidance for the early recognition and treatment of off-pump CABG-associated AKI.



Materials and methods


Ethical approval of the study protocol

This study protocol was approved by the Medical Ethics Committee of Qilu Hospital of Shandong University (Jinan, China). Written informed consent was waived and all patient information was stored anonymously.



Study design

We retrospectively reviewed patients undergoing off-pump CABG from January 2021 to January 2022 at the Department of Cardiovascular Surgery within Qilu Hospital of Shandong University.



Exclusion criteria

Patients were excluded if: (i) they needed intraoperative CPB; (ii) they had preoperative severe chronic kidney disease necessitating RRT; (iii) their postoperative serum creatinine (SCr) data were incomplete.



Surgical procedures

Off-pump CABG was undertaken in patients with severe coronary artery disease [left main disease, three-vessel disease, combined with diabetes mellitus (DM)] or failed stenting. After the induction of general anesthesia with endotracheal intubation, a median sternal incision was made. The left internal mammary artery and great saphenous vein were freed as bridge vessels simultaneously. After heparinization, the anastomotic site was secured using a stabilizer. The anastomosis was undertaken with an intra-coronary shunt and deep pericardial suture. The operating surgeon measured the flow of vein grafts after the anastomosis to ensure the patency of grafted vascular bridges.



Definition

We selected the most recent SCr value before the surgical procedure as the baseline level. We applied the Chronic Kidney Disease Epidemiology Collaboration equation to obtain the estimated glomerular filtration rate (eGFR) (21). The diagnosis and staging of AKI followed the criteria of the Kidney Disease: Improving Global Outcome (KDIGO) guideline (22) (Table 1).


TABLE 1 Stage of off-pump CABG-associated AKI following KDIGO criteria.
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We calculated the neutrophil:lymphocyte ratio (NLR), monocyte:lymphocyte ratio (MLR), and platelet:lymphocyte ratio (PLR) as biomarkers associated with the inflammatory response.



Data collection

We documented the perioperative variables of patients. These were: age, gender, body mass index (BMI), tobacco smoking, hypertension, DM, hyperlipemia, history of cerebral diseases, kidney disease without RRT, chronic obstructive pulmonary disease (COPD), percutaneous coronary intervention (PCI), New York Heart Association (NYHA) functional classification, preoperative left ventricular ejection fraction (LVEF), preoperative peripheral blood counts, preoperative blood biochemistry, preoperative renal function, intraoperative erythrocyte transfusion, intraoperative urine volume, intraoperative fluid replacement, central venous pressure (CVP) and mean arterial pressure (MAP) at intensive care unit (ICU) admission, use of an intra-aortic balloon pump (IABP), low cardiac output syndrome (LCOS), RRT, application of vasoactive agents, duration of mechanical ventilation, peripheral blood counts on postoperative day (POD)1, postoperative renal function, postoperative erythrocyte transfusion, complications, duration of hospital stay, duration of ICU stay, death.



Statistical analyses

We used SPSS 25.0 (IBM, Armonk, NY, United States) for statistical analyses. Measurement data were tested to see if they had a normal distribution. Variables with a normal distribution are expressed as the mean ± SD and were analyzed by the Student's t-test. Variables with a non-normal distribution are expressed as medians and quartiles and were analyzed by the Mann–Whitney U-test. Categorical data are expressed as frequencies and percentages and were compared by the chi-square test or Fisher's exact test. P < 0.05 (two-sided) was considered significant. Multivariate analysis incorporated variables with significant differences in univariate analysis. The results of multivariate logistic regression analysis are expressed as odds ratio (OR) and 95% confidence interval (CI). A receiver operating characteristic (ROC) curve and Hosmer–Lemeshow goodness of fit test were applied to evaluate the ability of predictive models. The maximum value of the Youden index was used to determine the cutoff value.




Results


Characteristics of the study cohort

From January 1, 2021 to January 1, 2022, 485 patients underwent off-pump CABG in the Department of Cardiovascular Surgery within Qilu Hospital of Shandong University. We excluded 65 patients according to our exclusion criteria (Figure 1). Finally, the data of 420 patients were analyzed and their baseline characteristics are shown in Table 2.


[image: Figure 1]
FIGURE 1
Flowchart of our study.



TABLE 2 Characteristics of the study population.
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Eighty-eight patients (20.95%) developed AKI after off-pump CABG (67 patients with stage-I, 7 patients with stage-II, and 14 patients with stage-III AKI). Sixteen patients were diagnosed with AKI on POD1. The peak value of SCr occurred on POD2. Patients in the AKI group had a longer stay in the ICU and hospital. Seven patients received RRT after off-pump CABG, and 10 patients died within 28 days after CABG.



Inflammation-related biomarkers and off-pump CABG-associated AKI

We measured the levels of inflammation-related biomarkers before and on POD1 (Table 3). The counts for leukocytes, neutrophils, monocytes, and the levels of procalcitonin (PCT), which are correlated positively with inflammation, increased significantly on POD1. The lymphocyte count and platelet count, which are correlated negatively with the inflammatory response, decreased significantly on POD1. These results demonstrated that patients undergoing off-pump CABG experienced a dramatic inflammatory response. Moreover, there were significant differences in the ratios of cell types in peripheral blood on POD1 between patients in the AKI group and non-AKI group (P < 0.01), which implied a more pronounced inﬂammatory response in the AKI group. Patients in the AKI group had significantly higher levels of interleukin (IL)-6 than patients in the non-AKI group on POD1 (Supplementary Table S1 and Supplementary Figure S1).


TABLE 3 Inflammation-related biomarkers in the non-AKI and AKI group.
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In addition, we found that ten of the patients who were diagnosed with AKI on POD1 developed more severe AKI in the following days. We divided them into the deteriorate and stable group based on their development of AKI. Patients in the deteriorate group had higher NLR on POD1 than those in the stable group, which indicated that NLR on POD1 may be used as predictors for more severe AKI in these patients (Supplementary Table S2 and Supplementary Figure S2).
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FIGURE 2
The results of ROC-curve analysis: (A) the ROC curve of the NLR for predicting off-pump CABG-associated AKI. (B) The ROC curve of the predictive model.




Independent risk factors of off-pump CABG-associated AKI

The results of univariate analysis exhibited that there were statistical differences between AKI and no-AKI groups regarding older than 65, female gender, DM, kidney disease without RRT, NYHA score greater than 2, hemoglobin, hematocrit, triglyceride, preoperative cystatin C, preoperative blood urea nitrogen, preoperative SCr, eGFR below 60%, LVEF below 50%, application of vasoactive agents, erythrocyte transfusion, duration of mechanical ventilation, LCOS, use of an IABP, preoperative NLR, NLR on POD1, MLR on POD1, PLR on POD1, PCT on POD1 (Table 2 and Table 3).

We included variables described above into a multivariate logistics regression model. Being female (OR = 3.200, 95%CI = 1.118–9.115), total erythrocyte transfusion (1.157, 1.019–1.31), NLR on POD1 (1.149, 1.071–1.232), PCT level on POD1 (1.061, 1.021–1.102), and duration of mechanical ventilation (1.027, 1.009–1.045) were independent risk factors of off-pump CABG-associated AKI (Table 4).


TABLE 4 Independent risk factors of off-pump CABG-associated AKI.
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Predictive model of off-pump CABG-associated AKI

We used ROC-curve analysis to calculate the predictive ability of the NLR on POD1. The area under the ROC curve (AUC) of the NLR for predicting off-pump CABG-associated AKI was 0.780 (Figure 2A). The sensitivity was 84.1% and the specificity was 63.6%. When the Youden index reached a maximum, the cutoff value of the NLR was 20.07. Next, we included all the independent risk factors obtained by multivariate analysis into a predictive model for ROC-curve analysis. The AUC of the new predictive model was 0.882 (Figure 2B), which exhibited a better predictive ability. The sensitivity was 68.2% and the specificity was 93.1%. And the P value of Hosmer–Lemeshow goodness of fit test equals 0.074 (P > 0.05).



Correlation between the NLR and postoperative complications

We divided patients into a high-NLR group and low-NLR group according to the cutoff value (20.07) of the NLR on POD1. A high NLR on POD1 was closely associated with more severe AKI, pulmonary infection, hydrothorax, severe respiratory failure, and malignant arrhythmia (Table 5). Moreover, postoperative 28-day mortality was significantly higher in patients with a high NLR than in those with a low NLR (P < 0.05). These results demonstrated that patients with a high NLR on POD1 had poor short-term outcomes.


TABLE 5 Correlation between the NLR and postoperative complications.
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Discussion

Ischemic AKI is the most prevalent type of CSA-AKI. According to the change in the GFR, the development of ischemic AKI can be divided into four phases: initiation, extension, maintenance, and recovery (23). In the initiation phase, ischemia-induced damage to tubular epithelial cells and endothelial cells leads to the release of chemokines and cytokines that activate inflammatory cascades (24). The inflammatory response aggravates tubular-cell injury in the extension phase, which leads to a continued reduction in the GFR. Significant infiltration of inflammatory cells in the renal outer medulla occurs as early as 24 h after ischemia (25), and leukocytes may appear as early as 2 h after ischemia (26). Therefore, early identification and interrupting the amplification of the inflammatory response in the extension phase is very important.

The SCr level peaked on POD2 and the infiltration of inflammatory cells would appear early, so we chose the cell ratios in peripheral blood on POD1 as biomarkers. Our study found that the NLR on POD1 was a reliable biomarker for the early prediction of off-pump CABG-associated AKI (AUC = 0.780, cutoff = 20.07). The NLR was derived from the hematological observation that the neutrophil count is associated positively with cardiovascular events and the lymphocyte count is associated negatively with cardiovascular events (27, 28). Neutrophil activation is an important sign of acute inflammatory response, and lymphopenia is a marker of poor health condition and physiological stress. Compared with C-reactive protein, IL-6, and other inflammation-specific biomarkers, the NLR can be obtained more readily and in an inexpensive manner, so it has attracted the attention of researchers. A meta-analysis involving five randomized clinical trials with large cohorts showed that the NLR at baseline independently predicted the risk of cardiovascular events and all-cause mortality in patients (29). Kim and colleagues revealed a high NLR on POD1 to be closely associated with an increased risk of CSA-AKI and 1-year mortality (30).

The high NLR level on POD1 may indicate the early inflammatory response after off-pump CABG, which is one of the most important mechanisms of AKI. Many animal experiments have proved the important role of inflammatory response in the development of AKI. Kelly and colleagues found that anti-intercellular adhesion molecule-1 therapy prevented ischemic AKI in mice via neutrophil-dependent pathway (31, 32). Rabb and coworkers confirmed that the adhesion molecules CD11 and CD18 on the surface of leukocytes play an important role in ischemic AKI in rats (33). In addition, selectin ligand inhibitors also successfully attenuated renal ischemia-reperfusion injury in rat and pig models (34, 35). Besides the adhesion molecules described above, chemokines, proinflammatory cytokines, reactive oxygen species, C-reactive protein and danger-associated molecular patterns also participate in the inflammatory response leading to unacceptable AKI.

CPB during cardiac surgery activates the immune system significantly: a large number of cytokines and chemokines are released, which increases the risk of AKI (36). Parlar and coworkers found that the postoperative NLR was an independent predictor of AKI after on-pump CABG (37). However, we found that the leukocyte count, PCT level, and IL-6 level were also significantly higher in patients after off-pump CABG, which reflected a marked inflammatory response. Studies correlating inflammation with off-pump CABG-associated AKI are lacking. Our findings demonstrated this association and revealed the predictive value of the NLR on POD1.

We also discovered four other independent risk factors of off-pump CABG-associated AKI according to multivariate analysis: gender, total erythrocyte transfusion, PCT level on POD1, and duration of mechanical ventilation. In our study, female patients accounted for 32.6% of the study cohort, but the prevalence of AKI was much higher than that in male patients (P < 0.05). After adjustment for other variables, being female remained an independent risk factor of off-pump CABG-associated AKI. This observation is consistent with findings in some studies (38, 39) but not in other studies (40, 41).

The free hemoglobin and free iron released from an erythrocyte transfusion would cause oxidative stress, which aggravates inflammation and ischemia–reperfusion injury in the kidney (42, 43). Therefore, many researchers expect to reduce the occurrence of CSA-AKI by restricting erythrocyte transfusion (44, 45). The association between mechanical ventilation and AKI was documented first by Drury and coworkers in 1947. They found that continuous-pressure ventilation caused a decline in renal function (46). Afterwards, Kuiperet and colleagues proposed that mechanical ventilation may affect renal function due to hemodynamic alterations and ventilator-induced lung injury which activates a systemic inflammatory response (47). We also found a correlation between higher levels of inflammatory biomarkers on POD1 and pulmonary complications.

PCT is a commonly used indicator for the diagnosis of sepsis in the ICU. The PCT level can be used to assess bacterial infection in the body. Studies of PCT and AKI have focused mainly on patients with sepsis, with fewer studies concentrating on patients undergoing cardiac surgery. Heredia-Rodríguez and colleagues enrolled patients with a systemic inflammatory response or sepsis after cardiac surgery. They showed that the PCT level was significantly higher in patients with CSA-AKI (48). Our results also confirmed this correlation, and we found that a high PCT level on POD1 was an independent risk factor of off-pump CABG-associated AKI. We hypothesize that patients on POD1 did not develop a bacterial infection, but the high PCT level may suggest an inflammatory reaction occurring in vivo and a higher risk of infection.

We included the independent risk factors stated above into a prediction model and obtained a high predictive ability (AUC = 0.882). Our study provides a predictive biomarker and predictive model for the early recognition and timely intervention of off-pump CABG-associated AKI. We aim to improve the prognosis of patients undergoing off-pump CABG.

Our study had three main limitations. First, this was a single-center retrospective study. The predictors obtained and prediction model created must undergo external validation. Second, we assessed only the short-term outcomes of patients after off-pump CABG. Third, the predictive value of NLR on POD1 was attenuated in patients who have had AKI on POD1. In the future, we will dedicate ourselves to improving the intraoperative management of off-pump CABG and carrying out a prospective study that documents the prevalence of postoperative AKI in patients undergoing different treatments.



Conclusion

We demonstrated the NLR on POD1 to be a reliable biomarker for predicting off-pump CABG-associated AKI. Also, we constructed a prediction model that may contribute to the early recognition and management of off-pump CABG-associated AKI.
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Objective: Cardiac surgery and the use of cardiopulmonary bypass initiate a systemic inflammatory response. Wingless-related integration site (WNT) signaling is part of the innate immunity and has been attributed a major role in the regulation of inflammation. In preclinical research, WNT-5a may sustain an inflammatory response and cause endothelial dysfunction. Our aim was to investigate WNT signaling after cardiac surgery and its association with postoperative inflammation (Clinicaltrials.gov, NCT04058496).

Methods: In this prospective, single-center, observational study, 64 consecutive patients for coronary artery bypass grafting (CABG) ± valve surgery were assigned into three groups: off-pump CABG (n = 28), on-pump CABG (n = 16) and combined valve-CABG surgery (n = 20). Blood samples were acquired before surgery, at intensive care unit (ICU) admission and 4, 8, and 48 h thereafter. Plasma concentrations of WNT-5a and its antagonists Secreted frizzled-related protein 1 (sFRP-1), Secreted frizzled-related protein 5 (sFRP-5), and WNT inhibitory factor 1 (WIF-1) were determined by enzyme-linked immunosorbent assay. In addition, plasma concentrations of six inflammatory cytokines were measured by multiplex immunoassay. Parameters were analyzed for evolution of plasma concentration over time, interactions, intergroup differences, and association with clinical outcome parameters.

Results: At baseline, WNT-5a, sFRP-1, and WIF-1 were present in a minimal concentration, while sFRP-5 was elevated. A higher baseline value of WNT-5a, sFRP-5, and WIF-1 resulted in higher subsequent values of the respective parameter. At ICU admission, WNT-5a and sFRP-5 reached their maximum and minimum value, respectively. WIF-1 decreased over time and was lowest 8 h after surgery. sFRP-1 changed minimally over time. While WNT-5a returned to the baseline within 48 h, sFRP-5 and WIF-1 did not reach their baseline value at 48 h. Of the investigated WNT system components, only WIF-1 partially reflected the severity of surgery. WNT-5a and WIF-1 had an impact on postoperative fluid balance and noradrenaline requirement.

Conclusion: WNT-5a, sFRP-5, and WIF-1 are part of the systemic inflammatory response after cardiac surgery. WNT-5a peaks immediately after cardiac surgery and returns to baseline within 48 h, presumably modulated by its antagonist sFRP-5. Based on this translational study, WNT-5a antagonism may be further investigated to assess potentially beneficial effects in patients with a dysregulated inflammation after cardiac surgery.

KEYWORDS
inflammation, cardiac surgery, cardiopulmonary bypass, systemic inflammatory response syndrome, SIRS, WNT signaling, WNT-5a, inflammatory biomarkers


Introduction

During cardiac surgery, a sterile inflammation is initiated by the surgical trauma, blood contact with the artificial surfaces of a cardiopulmonary bypass (CPB) and ischemia-reperfusion injury predominantly of the heart and the lung (1). Damage associated molecular patterns activate the mononuclear phagocyte system, an essential component of the innate immunity, to mount an inflammatory response (2). While a localized inflammation is important for tissue repair and wound healing, a systemic inflammatory response may ensue when cytokines are released into the blood circulation, thereby alerting the jeopardized host and activating defense mechanisms (3). In some patients, the systemic inflammatory response is dysregulated thereby causing a distributive shock which may lead to organ dysfunctions and in the most severe cases even death (4). Microcirculatory dysfunction with vasodilation and vascular leakage are common and clinically important consequences of a systemic inflammation, requiring prompt treatment with vasopressors and intravenous fluids (5).

In addition to its involvement in cell development and tissue homeostasis, Wingless-related integration site (WNT) signaling is an integral part of the innate immunity (6). WNT ligands, frizzled receptors and their signaling pathways are profoundly involved in the regulation of proinflammatory mediators and are the subject of ongoing research (7). In particular, WNT-5a may be a valid candidate to readily identify and quantify a systemic inflammation (8). In preclinical research, WNT-5a may sustain the inflammatory response in activated macrophages independently from the original stimulus by a positive feedback loop (9). This autocrine action of WNT-5a is antagonized by the endogenous antagonist Secreted frizzled-related protein 1 (sFRP-1) (10). In cell cultures, WNT-5a diminished the barrier function of vascular endothelial cells (VEC), potentially leading to microvascular leakage. This paracrine action of WNT-5a on VEC is antagonized by WNT inhibitory factor 1 (WIF-1) (11). The preclinical data is graphically summarized in Figure 1. However, it remains unclear if WNT signaling may be utilized to predict and characterize a postoperative systemic inflammation in patients after cardiac surgery.


[image: image]

FIGURE 1
Preclinical studies investigating Wingless-related integration site (WNT) signaling components (9–11, 30) are graphically summarized to elucidate the background of this translational study. Damage and pathogen associated molecular patterns (DAMPs and PAMPs) activate macrophages via Toll-like receptors (TLR) which in turn promote transcription factor NF-κB to upregulate the expression of WNT-5a and a wide array of inflammatory cytokines. After secretion, WNT-5a binds to the membrane bound Frizzled-5 (FZD-5) receptor on the activated macrophages leading to an augmentation of the inflammatory cytokine production. This autocrine action enables WNT-5a to sustain the inflammatory response unrelated to the original stimulus. The positive feedback loop of WNT-5a is antagonized by Secreted frizzled-related protein 1 (sFRP-1) and Secreted frizzled-related protein 5 (sFRP-5) at the FZD-5 receptor. In vascular endothelial cells (VEC), WNT-5a promotes the loosening of intercellular tight junctions leading to increased paracellular permeability. This paracrine effect of WNT-5a is antagonized by WNT inhibitory factor 1 (WIF-1) at the membrane bound Ryk-receptor on VEC.


The aims of this study were (1) to investigate the blood plasma concentration course of the WNT signaling components WNT-5a, sFRP-1, sFRP-5 and WIF-1 after cardiac surgery and to analyze their interaction, (2) to explore the integration of the WNT signaling components during the inflammatory response, and (3) to examine the influence of WNT signaling components on clinical effects associated with postoperative inflammation. Emphasis was given to consider the severity of the surgical trauma and the use of CPB during surgery. We hypothesized that the WNT-5a plasma concentration would increase according to the complexity of cardiac surgery and that a higher WNT-5a plasma value would be associated with a longer period of postoperative hemodynamic instability requiring more vasopressors and a higher fluid administration.



Materials and methods

The investigation conformed to the principles outlined in the Declaration of Helsinki. Data are reported following the STROBE guidelines (12).


Study design

The study was designed as a prospective, single-center, observational study. Consecutive patients for coronary artery bypass grafting (CABG) with or without valve surgery were assigned into one of three groups according to the scheduled cardio-surgical procedure: (1) off-pump CABG (OPCAB group), (2) CABG using CPB (on-pump CABG group) and (3) combined CABG and valve surgery (valve-CABG group). It was assumed that the inflammatory response would increase with rising severity of the surgical trauma and the intraoperative use of CPB. In view of the limited pre-existing clinical research investigating WNT signaling in the setting of cardiac surgery, we targeted a sample size of 20 patients per group to reasonably use our resources.

To assess the study’s feasibility, a pilot study comprising ten patients for on-pump CABG surgery was conducted first. We assumed that the on-pump CABG group would produce an intermediate level of systemic inflammation compared to the other groups (13). The study was conducted in the operating theater and the intensive care unit (ICU) for cardiovascular surgery at the University Hospital Zurich, Switzerland. The recruitment period for the pilot study was 06/2018 – 07/2018, and for the main study 11/2018 – 02/2020. Patients were followed up until being discharged from hospital.

In the pilot study, blood was sampled at nine time points to characterize the inflammatory response over time. Emphasis was placed on the acquisition of a baseline value (T1) before surgery as a reference. After a detailed look at the data acquired in the pilot study, we observed the peak of WNT-5a at the time of ICU admission (T2). At later time points, WNT-5a declined in all pilot study patients. To minimize the amount of blood loss for the patients and to optimize the analysis procedures, we reduced the blood sampling from nine to five time points for the main study. Figure 2 depicts a timeline indicating all blood sampling time points used in the pilot and in the main study.
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FIGURE 2
Blood sampling timeline. T1–T5, blood sampling time points used for statistical analysis. BL, Baseline; CS, cardiac surgery; CS + 4 h, 4 h after skin incision; ICU, intensive care unit. *, main study; #, pilot study.


As the soluble WNT antagonists sFRP-1, sFRP-5 and WIF-1 are considered to bind to WNT-5a forming a complex (10, 11, 14), we assumed these parameters to co-exist in a relationship. To express the balance between WNT-5a and the other WNT parameters as a single variable we calculated ratios between WNT-5a and its antagonists. Ratios were calculated for every patient at all blood sampling time points.

To investigate the role WNT signaling components play in the inflammatory response and to explore potential interactions, we determined the plasma concentrations of inflammatory cytokines. These have been used previously to explore an inflammatory reaction to cardiac surgery (15, 16). In this study, plasma concentrations of interleukin 1β (IL-1β), interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), growth-regulated oncogene α (GRO-α), macrophage inflammatory protein 1α (MIP-1α), and monocyte chemoattractant protein 1α (MCP-1α) were measured together with the WNT signaling components at all time points. More commonly used inflammatory parameters such as the C-reactive protein (CRP) and white cell blood count (WBC) were determined only at the baseline (T1) and at the time of ICU admission (T2) to minimize blood loss for the patients.

An inflammatory response to cardiac surgery may be influenced by additional factors. Blood product exposure has been shown experimentally to act pro-inflammatory in (pre-stimulated) endothelial cells (17). A perioperative glucocorticoid administration may modulate the immune response after cardiac surgery by inducing anti-inflammatory effects (18). To assess an influence of blood product transfusions and steroid use on the change of WNT signaling components upon cardiac surgery, we collected (1) details of red blood cell, platelet, and fresh frozen plasma transfusions intraoperatively and during the first 24 h after surgery and (2) details of a steroid stress dose administration intraoperatively and during the first 8 h after surgery.

A systemic inflammatory response to surgery may cause an endothelial dysfunction leading to a microvascular leakage and a reduced vasomotor tone potentially culminating in a distributive shock (19). In this study, we used three clinical outcome parameters as surrogates to quantify the clinical effects of a postoperative inflammation in our patients: (1) the fluid balance of the ICU admission day, (2) the noradrenaline dosage at the time of ICU admission, and (3) the time taken for noradrenaline to decline below <0.1 μg/kg/min with no concomitant inotropic drug therapy after ICU admission, which was defined as the “duration of hemodynamic instability.”



Participants

Inclusion criteria were age >18 years, cardiac surgery via sternotomy, CABG with or without valve surgery and postoperative admittance to the cardio-surgical ICU. Exclusion criteria were the presence of preoperative infection, preexisting immunosuppressive therapy and the withdrawal of informed consent. Patients requiring a mass transfusion (>10 red blood cell concentrates within 24 h) and/or extracorporeal life support after cardiac surgery were excluded from the analysis.



Blood sample acquisition, handling, storage, and processing for laboratory analysis

Particular care was taken to keep the time interval between the acquisition and the laboratory analysis of the blood samples as short as possible. At each time point (T1–T9), venous blood was collected in a ethylenediaminetetraacetic acid (EDTA) containing vacutainer. Every blood sample was promptly delivered to the in-hospital laboratory of the Institute of Clinical Chemistry for timely processing. The blood samples were centrifuged at 15,000 rpm for 3 min and the resulting plasma aliquots were filled into microtubes, frozen and stored at −20°C for up to 3 days. Thereafter, all samples were transferred frozen for long term storage at −80°C. An analysis of blood samples was subsequently performed when samples of a batch of up to 16 patients were acquired. For laboratory analysis the aliquots were thawed at 4°C. The blood plasma was centrifuged at 15,000 rpm for 5 min to separate the plasma from any residual sediment. During the preparation of the laboratory kits the aliquots were kept at maximum 4°C. Freeze-thaw cycles were avoided.

Blood samples were blinded for laboratory analysis. The laboratory kits were ordered from the manufacturer shortly before being used to avoid long-term storage associated quality issues. No cooling chain interruption occurred. All laboratory analyses were conducted in accordance with the manufacturer’s recommendations. Free plasma concentrations of WNT-5a, sFRP-1, sFRP-5, and WIF-1 were determined by enzyme-linked immunosorbent assay (LifeSpan BioSciences, Inc., Seattle, WA, USA). Free plasma concentrations of IL-1β, IL-6, TNF-α, GRO-α, MIP-1α, and MCP-1α were measured by multiplex immunoassay (Bio-Plex Pro Human Inflammation Assays 6-plex and Biorad 200 Reader, Bio-Rad Laboratories AG, Cressier, Switzerland). Sensitivity levels were as follows: WNT-5a: 0.094 ng/ml, sFRP-1: 0.094 ng/ml, sFRP-5: 0.64 ng/ml, WIF-1: 5.9 pg/ml, IL-1β: 0.24 pg/ml, IL-6: 0.34 pg/ml, TNF-α: 1.13 pg/ml, GRO-α: 13.45 pg/ml, MIP-1α: 0.06 pg/ml, and MCP-1α: 0.44 pg/ml.



Perioperative patient management

After the application of standard monitoring, the patients were anesthetized for surgery. General anesthesia was induced with propofol and maintained with propofol or sevoflurane. Fentanyl and continuous sufentanil were used for analgesia and rocuronium for muscle relaxation. Perioperative cardiac function was evaluated by transesophageal echocardiography. Cardiac surgery was performed via median sternotomy. For cardiac bypass grafting, OPCAB patients received an initial heparin bolus of 250 IU/kg iv followed by the repeated administration of heparin 5,000 IU iv to obtain an activated clotting time of >350 s. Before CPB commencement for on-pump CABG with or without valve surgery, patients received heparin 300 IU/kg plus tranexamic acid 15 mg/kg iv followed by the repeated administration of heparin 5,000 IU iv to establish an activated clotting time of >500 s. The CPB system (Stöckert S5, LivaNova, UK; CAPIOX® FX25-Oxygenator, Terumo, Japan) was equipped with heparin coated tubes and primed with Ringerfundin®, tranexamic acid 500 mg and heparin 10,000 IU. During CPB, a blood flow according to a cardiac index of 2.4 l/min/m2 was targeted. The patient’s body temperature was lowered as specified by the attending surgeon. After completion of cardiac bypass grafting in OPCAB patients or weaning from CPB in patients receiving on-pump CABG with or without valve surgery, the initial heparin bolus was antagonized with protamine 1:1 iv. Blood product transfusion and treatment of coagulopathy were guided according to published guidelines of the University Hospital Zurich, Switzerland (20). An autologous retransfusion device (Cell Saver® Elite®, Haemonetics S.A., Signy Centre, Switzerland) was used to reinfuse shed mediastinal blood and residual blood from the CPB circuit. Postoperatively, all patients were admitted to the cardio-surgical ICU. Treatment guidelines for this ICU have been described earlier (21, 22). Patients were continuously assessed for shock and occurrence of postoperative complications. Sedation and mechanical ventilation were discontinued in all patients as soon as possible.

The administration of intravenous fluids and the use of vasoactive drugs were at the discretion of the attending anesthesiologist or intensivist. Intravascular volume was restored by infusion of balanced crystalloid and/or colloid solutions (Ringerfundin® and Physiogel®, respectively; B. Braun Medical AG, Sempach, CH). In patients with renal insufficiency albumin 5% (CSL Behring AG, Bern, Switzerland) was used as colloidal fluid replacement in the ICU. Noradrenaline was used as the first line vasopressor drug. If the noradrenaline dosage exceeded 0.3 μg/kg/min perioperatively, an empirical steroid stress dose of hydrocortisone was administered with an initial bolus of 100 mg iv followed by 50 mg iv qid. Hydrocortisone treatment was tapered off within 5 days.



Data sources and database

Clinical data were collected from the hospital’s electronic patient data management systems KISIM (CISTEC AG, Zürich, Switzerland) and Metavision (iMDsoft®, Tel Aviv, Israel). All clinical and laboratory data were entered in a web based, good clinical practice compliant electronic data capture system (secuTrial®, interActive Systems GmbH, Berlin, Germany). The database was closed in 09/2020.



Statistical analysis

Statistical analyses were conducted using R (Version 4.0.5). Descriptive statistics are given as numbers (percentages) for categorical data and as median (interquartile range) or mean (±SD) for continuous data. The effect of cardiac surgery on WNT signaling components and inflammatory cytokines was investigated firstly by combining all surgical procedures and secondly by dividing the population into the three groups with increasing surgical complexity.

Differences of WNT signaling components and inflammatory cytokines between the baseline (T1) and the time of ICU admission (T2) were analyzed using Wilcoxon tests for paired data. Note that we performed Wilcoxon tests for paired data only for the total dataset and stuck to a descriptive comparison per group to avoid a multiple testing problem. To further analyze the data, linear models were calculated to analyze data at a single time point, and linear mixed models with random intercept per patient to analyze repeated measurements over time. We did not analyze sFRP-1 in depth because this parameter changed only minimally over time.

Intergroup differences of WNT signaling components and inflammatory cytokines between the OPCAB, on-pump CABG and valve-CABG groups were investigated stepwise. The OPCAB group was used as the reference group. In a first step, differences between the three groups at the time of ICU admission (T2) were evaluated using a linear model. In a second step, differences over all time points after surgery (T2–T5) were examined using a linear mixed model adjusted for the respective baseline value (T1) and the respective time point. The different time points were included as a categorical variable to capture a possibly non-linear behavior of the outcome variables over time. We did not adjust for the severity of surgery (e.g., its duration) because this was covered by dividing patients into the three groups. Adding a surgery related variable would lead to multicollinearity and render the models non-interpretable.

To explore the event of a blood product transfusion or a perioperative steroid stress dose administration as potential confounders, these parameters were included in the mixed models for the WNT signaling components as a sensitivity analysis. Concerning blood products, only the event of an intraoperative transfusion was used to account for the temporal relationship between cause and effect.

Relations between WNT signaling components and inflammatory cytokines were explored stepwise. First, Spearman’s rank correlation coefficient was calculated at the baseline (T1), the time of ICU admission (T2) and 48 h after surgery (T5). We chose this correlation coefficient because it is not sensitive to outliers. Second, the influence of WNT-5a on other WNT parameters and inflammatory cytokines over all time points (T1–T5) was assessed using linear mixed models.

The influence of WNT signaling components and inflammatory cytokines at the time of ICU admission (T2) on the three clinical outcome parameters (1) fluid balance of the ICU admission day, (2) norepinephrine dosage at the time of ICU admission (T2), and (3) duration of hemodynamic instability was explored using linear models. As covariates the values of WNT-5a, sFRP-5, WIF-1, IL-6, and MCP-1α at T2 were used.



Handling of missing data

Only in one patient of the valve-CABG group, data from blood sampling at one single time point, 48 h after surgery (T5), were missing. This was not expected to change the results. In the linear models we compared only values at the time of ICU admission (T2) for which the dataset was complete. The linear mixed models applied to analyze data over multiple time points used all available values without excluding a whole patient because of missing values. For these reasons and because of the otherwise complete dataset, the missing data did not necessitate any action in this study.



Presentation of data

Box plots show the box with the median, representing 25th, 50th, and 75th percentiles. Their whiskers represent values within 1.5× IQR. Values outside this range are outliers and extremes. WNT-5a, sFRP-5, and IL-6 are presented in figures with a zoomed scale to enable a reasonable graphical presentation. To comprehensively report our data, values of WNT signaling components including ratios, and inflammatory cytokines at all time points are presented in detail as Supplementary material.




Results


Patient population, surgery, and clinical outcome

A total of 73 consecutive patients were assigned to one of the three groups. Of these, nine patients were excluded because of cancellation of surgery (n = 2), study consent withdrawal (n = 1), a preoperative cardiac event with ICU admission (n = 1), pre-existing immunosuppressive therapy (n = 1), ECLS implantation (n = 2), and erroneous blood sampling (n = 2). Finally, 64 patients were included in the analysis. Follow-up was completed in 100% of included patients. Median follow-up time was 8 (7–12) days.

Patient and surgery characteristics are presented in Table 1. As four patients of the on-pump group were operated in off-pump technique after group assignment, the number of patients differed between the three groups. Patients had a median age of 70 years, were predominantly male and pre-obese. Approximately half of the patients were active or former smokers. Two-thirds of the operations were elective. The valve-CABG group included patients with aortic valve replacement (n = 13) or reconstruction (n = 2), mitral valve replacement (n = 2) or reconstruction (n = 5) and tricuspid valve reconstruction (n = 2). Three patients had interventions in up to three valves, and two patients underwent isolated valve surgery. Overall, a median of 3 (2–4) bypass grafts were performed. The highest intraoperative fluid administration was found in the OPCAB group. The three groups differed considering the type and the duration of surgery, use of CPB and aortic cross clamp time, with highest values in the valve-CABG group, intermediate values in the on-pump CABG group and lowest values in the OPCAB group. Overall, the lowest body temperature during surgery was 35.0 (34.0–35.6) °C.


TABLE 1    Patient characteristics and details of cardiac surgery.
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Clinical outcome data are presented in Table 2. ICU and hospital survival were 100 and 97%, respectively. Two patients in the on-pump CABG group died postoperatively while in the hospital. One of these patients suffered a major cerebral stroke after cardiac surgery and died on postoperative day 20. The other patient died after an in-hospital cardiac arrest on postoperative day 3. Patients of the valve-CABG group tended to stay longer in the ICU, although the length of ICU stay was overall short. Duration of hemodynamic instability and daily fluid balance were highest in the valve-CABG group, intermediate in the on-pump CABG group and lowest in the OPCAB group. The highest noradrenaline dosage in the ICU was observed in the valve-CABG group, while the other groups had comparable values. Perioperatively, hydrocortisone was administered empirically as a steroid stress dose treatment in a total of 11 (17%) patients. One of these patients received hydrocortisone as a onetime bolus only during surgery and in four patients, hydrocortisone treatment was commenced within 8 h after surgery. Tables 1, 2 summarize patients with a steroid stress dose treatment according to the timing of hydrocortisone administration. A pneumonia was postulated in three patients 24 h, 48 h and 6 days after surgery, respectively. In these patients, an empirical antibiotic therapy with piperacillin–tazobactam was initiated. Perioperatively, blood products were administered in a total of 21 (33%) patients. Red blood cells were transfused in 18 (28%) patients and platelets in 13 (20%) patients. Regarding the three groups, a transfusion of red blood cells and platelets occurred mostly in patients in the valve-CABG group (n = 7, 35%, for both blood products), followed by the OPCAB group (n = 8, 29% and n = 4, 14%, respectively) and the on pump-CABG group (n = 3, 19% and n = 2, 13%, respectively). A transfusion of fresh frozen plasma occurred only postoperatively in 3 (15%) patients in the valve-CABG group. Tables 1, 2 summarize the details of blood product transfusions according to the timing of the administration.


TABLE 2    Intensive care unit parameters and patient outcome.
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Wingless-related integration site signaling components

The evolution of WNT-5a, sFRP-5, and WIF-1 over time is displayed in Figure 3. For the overall population, WNT-5a, sFRP-1, and WIF-1 were present in a minimal concentration at baseline, while sFRP-5 was elevated. WNT-5a was highest at the time of ICU admission and thereafter progressively returned to baseline within 48 h. sFRP-5 was lowest at the time of ICU admission and, rising thereafter but without reaching the baseline value at 48 h after surgery. WIF-1 showed a low kinetic profile and was lowest at 8 h after surgery. sFRP-1 changed only minimally over time in all samples throughout the study (not shown).
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FIGURE 3
Evolution of (A) Wingless-related integration site 5a (WNT-5a), (B) Secreted frizzled-related protein 5 (sFRP-5), and (C) WNT inhibitory factor 1 (WIF-1) over time (T1–T5) in the overall population (All) and the three groups (OPCAB, CABG on-pump, and valve-CABG). Values are presented as median and interquartile range (IQR) (box), within 1.5× IQR (line) and outliers (dots). T1, baseline; T2, time of intensive care unit (ICU) admission; T3, 4 h after surgery; T4, 8 h after surgery; T5, 48 h after surgery; CABG, coronary artery bypass grafting; OPCAB, off-pump coronary artery bypass grafting.


The baseline (T1) and time of ICU admission (T2) values of the WNT signaling components are presented in Table 3. For the overall population, we found very strong evidence for a difference in all parameters except for WIF-1 when comparing T2 to T1. A higher median value of WNT-5a, and a lower median value of sFRP-5 were found, whereas the change in sFRP-1 was (albeit statistically significant) numerically minimal. According to a linear mixed model, for every ng/ml (for WNT-5a and sFRP-5) or pg/ml (for WIF-1) increase at T1 the estimated values of T2–T5 increased for WNT-5a by 0.53 ng/ml (0.47–0.58, p < 0.0001), for sFRP-5 by 0.57 ng/ml (0.43–0.71, p < 0.0001) and for WIF-1 by 0.9 pg/ml (0.79–1.0, p < 0.0001), respectively.


TABLE 3    Baseline (T1) and ICU admission values (T2) of Wingless-related integration site (WNT) signaling components, cytokines, and inflammatory parameters.
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The sensitivity analysis for the event of a perioperative steroid stress dose administration, and the event of an intraoperative transfusion of either red blood cell concentrates, or platelets did not change the mixed model estimates for WNT-5a, sFRP-5, and WIF-1.

Regarding intergroup differences, at T2 moderate evidence was found for WIF-1 to be on average 121 pg/ml (11–230, p = 0.031) higher in the valve-CABG group compared to the OPCAB group using a linear model. Over all time points after surgery (T2–T4), no evidence for an intergroup difference for any WNT signaling component was found in the linear mixed model.

With respect to the interaction between the WNT signaling components, Spearman’s correlation at T1, T2, and T5 showed low coefficients between WNT-5a and sFRP-5 (0.19, 0.43, and 0.3, respectively), and WNT-5a and WIF-1 (0.15, 0.25, and 0.22, respectively). Accordingly, no evidence for an association between the WNT signaling components was found using a linear mixed model.

The evolution of the ratios between WNT-5a and sFRP5, and between WNT-5a and WIF-1 over time is displayed in Figure 4. For the overall population, the lowest median value of both ratios was found at the baseline (T1) and the highest median value at the time of ICU admission (T2). Thereafter, WNT-5a/sFRP-5 progressively declined but did not reach the baseline value within 48 h. WNT-5a/WIF-1 declined until 8 h after surgery (T4) and then tended to increase again at 48 h after surgery (T5). Using Wilcoxon tests for paired data, the median values of both ratios were higher at T2 compared to T1 (Table 3). No evidence for an intergroup difference was found for both ratios at T2 nor over all time points after surgery (T2–T5).
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FIGURE 4
Evolution of ratios between (A) Wingless-related integration site 5a (WNT-5a) and Secreted frizzled-related protein 5 (sFRP-5), and (B) WNT-5a and WNT inhibitory factor 1 (WIF-1) over time (T1–T5) in the overall population (All) and the three groups (OPCAB, CABG on-pump and valve-CABG). Values are presented as median and interquartile range (IQR) (box), within 1.5× IQR (line) and outliers (dots). ln, natural logarithm; T1, baseline; T2, time of intensive care unit (ICU) admission; T3, 4 h after surgery; T4, 8 h after surgery; T5, 48 h after surgery; CABG, coronary artery bypass grafting; OPCAB, off-pump coronary artery bypass grafting.




Cytokines and inflammatory parameters

For all investigated inflammatory cytokines a low baseline value was found. IL-1β was mostly below the detection limit at all time points (data not shown). For the overall population, TNF-α, GRO-α, and MIP-1α showed a kinetic profile with very low values over time.

The evolution of IL-6 and MCP-1α over time is displayed in Figure 5. For the overall population, both parameters were present in a minimal concentration at the baseline and were highest at the time of ICU admission. Thereafter, IL-6 decreased progressively without completely reaching the baseline value at 48 h. MCP-1α showed a rapid decline in the first 4 h after surgery and overall tended to decrease more rapidly than IL-6.
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FIGURE 5
Evolution of (A) interleukin-6 (IL-6) and (B) monocyte chemoattractant protein 1α (MCP-1α) over time (T1–T5) in the overall population (All) and the three groups (OPCAB, CABG on-pump and valve-CABG). Values are presented as median and interquartile range (IQR) (box), within 1.5× IQR (line) and outliers (dots). T1, baseline; T2, time of intensive care unit (ICU) admission; T3, 4 h after surgery; T4, 8 h after surgery; T5, 48 h after surgery; CABG, coronary artery bypass grafting; OPCAB, off-pump coronary artery bypass grafting.


The baseline (T1) and time of ICU admission (T2) values of IL-6, MCP-1α, WBC, and CRP are summarized in Table 3. Compared to T1, higher median values were found for IL-6, MCP-1α, and WBC but not for CRP at T2 using Wilcoxon tests for paired data.

Compared to the OPCAB group, very strong evidence was found at the time of ICU admission (T2) for MCP-1α to be, on average, 0.92 ng/ml (0.46–1.38, p = 0.0002) higher in the valve-CABG group and moderate evidence of it being, on average, 0.58 ng/ml (0.09–1.07, p = 0.0229) higher in the on-pump CABG group. Considering all time points after surgery (T2–T5) in a linear mixed model, strong evidence was found for MCP-1α to be on average 0.27 ng/ml (0.12–0.42, p = 0.001) higher in the valve-CABG group than in the OPCAB group with no difference for the on-pump CABG group. For IL-6 no intergroup differences were found.

Between WNT-5a and IL-6, and WNT-5a and MCP-1α no correlation was found at single time points (T1, T2, and T5) nor an association over all time points after surgery (T2–T5).



Influence of Wingless-related integration site signaling components and inflammatory cytokines on postoperative clinical outcome parameters

For every ng/ml increase of WNT-5a at the time of ICU admission (T2), the fluid balance of the ICU admission day was reduced by −24.81 ml (−49 to −0.46, p = 0.046). For every pg/ml increase of WIF-1 at T2, the fluid balance of the ICU admission day increased by 3.81 ml (−0.09 to 7.71, p = 0.056), the noradrenaline requirement at the time of ICU admission (T2) increased by 0.017 μg/min (0.00–0.03, p = 0.007) and the duration of hemodynamic instability in the ICU increased by 0.9 h (0.03–0.14, p = 0.002). For sFRP-5, IL-6 and MCP-1α at T2 no evidence was found for an influence on postoperative hemodynamic outcome parameters.




Discussion


Main findings

Temporal changes of WNT-5a, sFRP-1, sFRP-5, and WIF-1 were investigated in the perioperative setting of cardiac surgery. This represents a very standardized and clinically relevant model of sterile inflammation. For the overall population, WNT-5a, sFRP-1, and WIF-1 were present in low concentrations at the baseline, while sFRP-5 was elevated. The baseline values of WNT-5a, sFRP-5, and WIF-1 influenced the evolution of their follow-up values. WNT-5a reached its maximum and sFRP-5 its minimum value at the time of ICU admission with significant changes from the baseline. WNT-5a returned to the baseline within 48 h, while sFRP-5 remained below the baseline at 48 h. Values of sFRP-1 showed a minimal change over time. WIF-1 progressively declined to its minimum value at 8 h after surgery and increased thereafter without reaching the baseline within 48 h. The ratios of WNT-5a/sFRP-5 and WNT-5a/WIF-1 were higher at the time of ICU admission compared to the baseline. Of all investigated WNT signaling components, only WIF-1 partially reflected the severity of surgery at the time of ICU admission. Regarding the inflammatory cytokines, only IL-6 and MCP-1α were strongly expressed with highest values at ICU admission. For MCP-1α statistical differences between the three groups were found at the time of ICU admission. Finally, for WNT-5a and WIF-1 an influence on hemodynamic outcome parameters was found.



Patient population and clinical outcome

As intended, the three groups differed mainly regarding the complexity of surgery. The duration of postoperative hemodynamic instability and fluid balance after surgery numerically increased with rising surgical complexity across the groups. Accordingly, the valve-CABG-group had the highest noradrenaline dosage at the time of ICU admission. Despite having the highest fluid load intraoperatively, the OPCAB group had the lowest positive fluid balance at the end of the ICU admission day. This could result from less systemic inflammation with lower endothelial permeability compared to the other groups using CPB. The high intraoperative fluid load during OPCAB is explained by a temporary luxation of the heart causing a hemodynamic compromise (23). Considering ICU stay and survival rates, the postoperative course in most patients was favorable. Hence, we were able to compare three homogenous patient populations after cardiac surgery which developed a systemic inflammatory response. This response was sufficiently large to be measured but was not excessive or uncontrolled as clinical outcome was overall benign in our patients.



Evolution of Wingless-related integration site signaling components upon cardiac surgery

The mononuclear phagocyte system is an essential part of innate immunity and functions as first line defense to tissue damage and microbial infection. Activated macrophages produce WNT-5a and various cytokines that cause an inflammatory response (8). Macrophage activation may be sustained and cytokine production augmented by autocrine binding of WNT-5a to the Frizzled-5 receptor on the macrophage cell membrane (9) and downstream activation of intracellular Ca2+/calmodulin-dependent protein kinase 2 (10). Consecutively, WNT-5a signaling in macrophages plays an important role in inflammation because of its potential to upregulate an inflammatory response. However, in-depth knowledge about WNT signaling after cardiac surgery is scarce to date.

In this study, we present baseline plasma concentrations of WNT-5a, sFRP-1, sFRP-5, and WIF-1 in patients with coronary and/or valvular heart disease. These values represent an equilibrium state in a non- or low inflamed patient population as no patient with an active infection or inflammatory disease was included. Little is known about normal reference values of WNT parameters in cardiovascular disease. Elevated basal WNT-5a plasma concentrations have been described in patients with dilated cardiomyopathy and were associated with right ventricular dysfunction, especially in patients with more advanced disease (24). In patients undergoing cardiac surgery, elevated basal WNT-5a values in the serum and epicardial adipose tissue were associated with the presence of coronary artery disease (25). Inter-individual variations of WNT parameter basal plasma concentrations may be relevant for future research. We found very strong evidence that the individual baseline values of WNT-5a, sFRP-5, and WIF-1 had a measurable impact on subsequent values of the respective parameter after surgery. This is of interest, as the interaction between WNT signaling components may considerably influence the inflammatory response (6).

As hypothesized, WNT-5a increased after cardiac surgery but, contrary to our hypothesis, WNT-5a did not reflect the severity of surgery. Howsoever, WNT-5a seems to accurately describe the sterile systemic inflammatory response upon cardiac surgery considering its time-concentration course observed in the overall patient population in this study. It might be assumed that macrophages are maximally activated during surgery and produce a peak WNT-5a concentration to promote inflammation. Accordingly, we found the highest blood plasma concentration of WNT-5a directly after surgery. Thereafter, regulatory mechanisms seem to prevent an uncoupling of WNT-5a signaling from the inflammatory stimulus. In fact, the progressive clearance of WNT-5a within hours after cardiac surgery may indicate the resolution of the inflammatory response in patients with an uncomplicated postoperative course.

A rise of WNT-5a values continuing for hours beyond cardiac surgery may be a reason for concern. In the patient that suffered a perioperative stroke and died on postoperative day 20, we observed an increase of WNT-5a until 8 h after surgery and a return to the baseline value at 48 h. The kinetic profile of WNT-5a in this patient may be the result of an additional inflammatory response to the stroke that occurred perioperatively. Indeed, experimental findings indicate that WNT signaling seems to be critically involved in the pathophysiology of stroke and WNT has been described to rise within hours in brain tissue after ischemic stroke (26). According to our study protocol, no blood sampling occurred between 8 and 48 h after surgery so the time point of the WNT-5a peak concentration in this patient remains at question. Another reason for concern may be the absent recovery of the WNT antagonist sFRP-5 towards the baseline value at 48 h after surgery which was also seen in this patient (data not shown).

Secreted frizzled related proteins (sFRPs) and WIF-1 are considered as soluble antagonists of WNT signaling. They prevent the binding of WNTs to their corresponding cellular receptors by binding themselves to WNT proteins forming a soluble complex that can no longer bind to the WNT receptor. By this way WNT signaling is inhibited by the antagonist (14). In preclinical research, sFRP-1 attenuated a macrophages inflammatory response by preventing the binding of WNT-5a to the membrane bound Frizzled-5 receptor (10). In our study, the sFRP-1 plasma concentration was low at baseline and did not increase after the surgical stimulus. Therefore, we assume that sFRP-1 may not play a relevant role in the sterile inflammatory response after cardiac surgery.

For sFRP-5 we found an elevated basal plasma concentration, which is in accordance with a previous study (25). This may indicate that the constitutional level of sFRP-5 is already higher at baseline compared to the baseline level of sFRP-1. The value of sFRP-5 decreased to approximately half of the initial concentration at the time of ICU admission and increased steadily thereafter. This may be due to the formation of a complex between WNT-5a and the soluble antagonist sFRP-5 resulting in a lower plasma concentration of the uncomplexed free form of both parameters. According to preclinical research (14), sFRP-5 may be in fact binding excess levels of WNT-5a and thereby limiting the inflammatory response after cardiac surgery. The effect of cardiac surgery and CPB on the blood plasma concentration of WNT-5a and sFRP-5 and their supposed interaction are graphically presented in Figure 6.


[image: image]

FIGURE 6
This figure summarizes how Wingless-related integration site 5a (WNT-5a) may come into play in a systemic inflammation caused by cardiac surgery and how its plasma concentration may be modulated by Secreted frizzled-related protein 5 (sFRP-5). Cardiac surgery and the use of cardiopulmonary bypass lead to the formation of damage associated molecular patterns which activate cells of the mononuclear phagocyte system. These cells produce and secrete WNT-5a which enters the circulatory system. In the blood stream, WNT-5a is bound by its antagonist sFRP-5 forming a soluble complex. Between the baseline (T1), the time of intensive care unit (ICU) admission (T2) and 48 h after surgery (T5), the blood plasma concentrations of WNT-5a and sFRP-5 move in the opposite direction compared to each other. This may demonstrate the modulatory effect of sFRP-5 on the WNT-5a plasma concentration leading to an attenuation of the WNT-5a peak value during the promotion of a systemic inflammation upon cardiac surgery and a timely return of WNT-5a to its baseline value during the resolution of the inflammatory response.


In the experimental setting, WIF-1 antagonized a WNT-5a induced tight junction disruption between VEC by interfering with the Rho-associated protein serine/threonine kinase/LIM kinase 2/Cofilin 1 pathway at the Ryk receptor (11). In our study, WIF-1 was detectable at low concentrations preoperatively and showed a tendency toward lower values until 8 h after surgery. It appears that WIF-1 is constitutionally present at a low plasma concentration and may be depleted from the plasma by complex formation with WNT-5a. Thereby, WIF-1 would prevent the binding of WNT-5a to the Ryk receptor on VEC and limit the extent of microvascular leakage during the inflammatory response after cardiac surgery.

In our study, the kinetic profile of WIF-1 showed some noticeable features in the valve-CABG group. In these patients, WIF-1 at baseline was highest. Furthermore, an intergroup difference was found at the time of ICU admission and the WIF-1 plasma concentration progressively declined until 48 h after surgery. Compared to other patients in this study, patients with combined valvular and coronary heart disease may be in a low inflammatory state. We speculate that basal WIF-1 production might be concomitantly upregulated to maintain a state of equilibrium with WNT-5a. This may explain the higher WIF-1 baseline value and intergroup difference at the time of ICU admission. Our assumption is based on previous findings that WNT-5a was found to be elevated in patients with advanced heart disease (24). It must be noted that the etiology of heart disease may differ considerably between patients with dilated cardiomyopathy and our study population. The decline of WIF-1 beyond 8 h after surgery may result from an ongoing WNT-5a antagonism by WIF-1.

Five measurements within 48 h allowed us to determine the course of the WNT signaling components over time and to extensively investigate their relation to each other. The concentration of WNT-5a evolved in the opposite direction compared to sFRP-5 and WIF-1. Since sFRP-5 and WIF-1 are considered as counterplayers of WNT-5a (14), we calculated the ratios between these parameters to investigate their interaction. The ratios show the balance between the free plasma concentrations of the respective parameters. The increased WNT-5a/sFRP-5 and the WNT-5a/WIF-1 ratios at the time of ICU admission indicate an excess of WNT-5a, which may actively promote the postoperative inflammatory response. Both ratios decreased within 48 h, which was paralleled by the clinical recovery of our patients. The approach of forming a ratio between the agonist and antagonist has been previously used for WNT-5a and sFRP-3 to show the grade of WNT-5a activity in a balanced system (24). Nevertheless, our assumptions on the interaction between WNT signaling components are challenged by the fact that, statistically, no correlation between WNT-5a and sFRP-5 or WIF-1 was found at any given time point in our study.

In this study, a blood product transfusion or steroid stress dose administration did not influence the evolution of WNT-5a, sFRP-5, and WIF-1 after cardiac surgery. In view of the scarcity of evidence on this topic and the small number of patients in our study, this result should be interpreted with caution. To assess the possible effect of an intraoperative blood product transfusion or perioperative hydrocortisone treatment, we included these variables in the mixed models for the WNT signaling components exclusively as a sensitivity analysis. An in-depth investigation of the influence of blood product transfusions or glucocorticoid administration on WNT signaling might be of interest for further research.



Interaction between Wingless-related integration site-5a and inflammatory cytokines after cardiac surgery

Inflammatory cytokines play a crucial role during a systemic inflammatory response and their kinetic profile in the setting of cardiac surgery has been studied previously (15). In this study, we obtained perioperative kinetic profiles of IL-1β, IL-6, TNF-α, GRO-α, MIP-1α, and MCP-1α. The low baseline values of inflammatory cytokines and more conventional inflammatory markers, CRP and leukocyte count, indicate that our patients were in a low or non-inflammatory state. A presumed upregulation of WNT signaling (particularly in patients with combined valve and coronary artery disease) may be too subtle to induce an upregulation of inflammatory cytokine production.

A particular function of IL-1β is to assist the immune system to defend the host against pathogens (27). In this study, no patient had clinical signs of an infection preoperatively. The low IL-1β values and the kinetic pattern of TNF-α, IL-6, and MCP-1α observed in our patients affirm that the inflammatory response investigated in this study represents a sterile inflammation resulting primarily from cardiac surgery and the use of CPB.

To assess an interaction between WNT-5a and inflammatory cytokines, we decided to use IL-6 and MCP-1α as these parameters have been in use for a long time to demonstrate and explore a systemic inflammation after cardiac surgery (16). WNT-5a, IL-6, and MCP-1α reached a peak concentration at the time of ICU admission and declined thereafter. This finding is in accordance with experimental data at the cellular level where WNT-5a and various cytokines are produced by macrophages upon activation (9). Although we were able to show a temporal relationship between WNT-5a, IL-6, and MCP-1α, no statistical correlation was found between these parameters. Interestingly, we found IL-6 and MCP-1α to increase by a multiple after cardiac surgery compared to WNT-5a barely doubling in plasma concentration. In theory, WNT-5a is considered to amplify the production of inflammatory cytokines in macrophages (9). This may explain why we found a statistical difference for MCP-1α and a trend for IL-6 to reflect the severity of surgery but not for WNT-5a. Our findings are supported by a previous study describing higher blood plasma concentrations of MCP-1 and IL-6 in patients after valve surgery compared to CABG (28). It is WNTs supposed ability to amplify inflammatory cytokine production in macrophages that renders WNT-5a, in our opinion, a valid target to therapeutically influence a systemic inflammation after cardiac surgery by introducing WNT-5a antagonists.



Influence of Wingless-related integration site signaling components on clinical outcome parameters

One aim of the study was to investigate an impact of WNT signaling components, particularly of WNT-5a, on the postoperative clinical course after cardiac surgery. As clinical surrogates of the inflammatory response we used the postoperative fluid balance and the amount and duration of vasopressor requirement after surgery. Contrary to our study hypothesis, we found an inverse relationship between WNT-5a and WIF-1, and our clinical surrogate parameters for systemic inflammation. However, the associated numerical changes in the fluid balance of the ICU admission day, the noradrenaline requirement at ICU admission and the duration of hemodynamic instability were not in a clinically meaningful range. Referring to experimental data (29), we assumed that WNT-5a would induce a microvascular leakage leading to a higher fluid requirement and WIF-1 would reduce vascular barrier dysfunction resulting in enhanced hemodynamic stability. In the clinical setting, our findings seem to challenge WNT-5a and its associated WNT signaling components as meaningful regulators of an inflammatory response. But it must be stated that each of our three clinical outcome parameters only represent a part of the inflammatory response after cardiac surgery. Consecutively, a composite parameter may more adequately comprise and reflect clinical effects caused by inflammation. Yet, the accurate detection of an inflammation in a patient after cardiac surgery using clinical and laboratory criteria, has been reported as a delicate matter (4).



Limitations

The results of this study cannot be readily generalized. First, this is a single-center prospective study with a limited sample size leading to a comparably low power, so that significant differences may not have been detected. Second, we included only patients for CABG and valve surgery via sternotomy. The WNT signaling components may show a different time-concentration pattern in patients with more extensive cardiac surgery (e.g., type A aortic dissection) or with less tissue trauma if a minimal-invasive approach is used for surgery. Third, no patient in a critical condition, with pre-existing inflammatory disease or with an active infection (e.g., endocarditis) was included in this study. These patients as well may show a different WNT parameter profile after cardiac surgery. Fourth, although no effect of an intraoperative blood product transfusion on WNT signaling was found, this may not apply to patients with a mass transfusion of blood products as no such patient was included in this study. Fifth, WNT signaling components were followed up in this study only until 48 h after surgery. WNT parameter changes beyond this period may have gone unnoticed and, in addition, the point of return of WNT signaling to its preoperative equilibrium state remains uncertain. Sixth, CRP and WBC, two parameters commonly used to characterize an inflammatory state, were only collected at the baseline (T1) and after surgery at the time of ICU admission (T2). It would have been interesting to explore the evolution of CRP and WBC and their interaction with WNT-5a over time but to minimize the amount of blood loss for the patients we decided to include only two time points for these parameters.




Conclusion

Wingless-related integration site signaling is activated during the inflammatory response after cardiac surgery and its components show relevant plasma concentration changes over time. In patients with an uneventful postoperative course, the WNT-5a plasma concentration rises to a peak value immediately after surgery and returns to the baseline value within 48 h. The time-concentration course of WNT-5a is presumably modulated by the antagonistic action of sFRP-5. Further clinical studies are required to evaluate the significance of WNT-5a as an outcome marker of inflammation and to assess therapeutic options of WNT-5a antagonism to attenuate the effects of a dysregulated inflammatory response in patients after cardiac surgery.
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Background: Heart surgery results in complement activation with the potential for collateral end-organ damage, especially if the protective elements (complement factor H, Apolipoprotein J) are inadequate. Here, we have investigated if peri-operative stress results in an imbalance between complement activation and its protective mechanisms up to 3 months after heart surgery.

Methods: 101 patients scheduled for non-emergent cardiac surgery donated blood before the procedure (tbaseline), and 24 h (t24h), 7 days (t7d) and 3 months (t3m) after. Complement activation was measured as a serum level of soluble activated component 5 (sC5a) and soluble terminal complement complex (sTCC). Simultaneously, protective complement factor H (CfH), and apolipoprotein J (ApoJ) were measured. Inflammatory responses were quantified using C-reactive protein (CRP) and interleukin-6 (IL-6). Details regarding anesthesia, intensive care unit (ICU) stay, pre-existing conditions, the incidence of postoperative complications, and mortality were collected from medical records.

Results: C5a declined at t24h to rebound at t7d and t3m. sTCC was significantly depressed at t24h and returned to baseline at later time points. In contrast, CfH and ApoJ were depressed at t3m. Milieu of complement factors aligned along two longitudinal patterns:cluster#1 (C5a/sTTC continuously increasing and CfH/ApoJ preserved at tbaseline) and cluster#2 (transient sC5a/sTTC increase and progressive decline of CfH). Most patients belonged to cluster #1 at t24h (68%), t7d (74%) and t3m (72%). sTCC correlated with APACHE1h (r2 =−0.25; p < 0.031) and APACHE24h (r2 = 0.27; p < 0.049). IL-6 correlated with C5a (r2 =−0.28; p < 0.042) and sTTC (r2 =−0.28; p < 0.015). Peri-operative administration of acetaminophen and aspirin altered the complement elements. Prolonged hospital stay correlated with elevated C5a [t (78) = 2.03; p = 0.048] and sTTC serum levels [U (73) = 2.07; p = 0.037]. Patients with stroke had a decreased serum level of C5a at t7d and t3m.

Conclusion: There is a significant decrease in complement protective factors 3 months after cardiac surgery, while C5a seems to be slightly elevated, suggesting that cardiac surgery affects complement milieu long into recovery.
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Introduction

Complement activation is triggered in three ways: classical, alternative and lectin-driven to activate an innate inflammation to augment pathogens and dead cell removal (1, 2). All pathways merge at C5a and C5b, followed by the formation of the terminal complement complex (TCC) as the common pathway. C5b-9 inserts itself into the cell membrane as one of the primary effector bactericidal mechanisms (3). However, TCC can be self-damaging via endothelial activation, cell death, and intravascular hemolysis. Several proteins keep the complement activation in check, with CD55, CD59, and CD46 being the most extensively studied (4, 5). In contrast, humoral factors such as complement factor H and clusterin/Apo J have experienced much less scrutiny despite their critical role in limiting collateral complement-mediated damage (6–19). Their depletion may exacerbate end-organ damage and contribute to an excess of morbidity (10, 13, 15, 16, 20).

During heart surgery, the complement system is activated via contact with artificial surfaces, immunoglobulins, or via a CRP-mediated pathway (18, 19). As a result, direct complement cytotoxicity is exacerbated by a reperfusion injury and the influx of inflammatory leukocytes (21). Subsequent vasoconstriction, thrombosis, and inflammation may result in hypoperfusion organ injuries. It is not surprising that imbalance in complement has been suggested as the target of therapeutic interventions. However, interference with effector components of complement failed to demonstrate favorable clinical outcomes, except in severely sick patients undergoing heart surgery (22–24). This lack of progress in effectively modulating complement activation may result from neglecting the post-surgical abnormalities in protective elements of complement (22–25). No study addressed the long-term changes in serum mechanisms moderating complement activation after cardiac surgery.

Here, we addressed the knowledge gap in temporal dynamics between cytoprotective (clusterin/ApoJ, complement factor H) vs. cytotoxic (C5a, TTC) elements after non-emergent cardiac surgery. We hypothesized that activation of complement and protective effectors would be synchronized to minimize end-organ damage (16, 17, 26). Specifically, patients with a misalignment between complement effector and protective would experience increased thrombotic events. Finally, we hypothesized that acute disturbances in complement components will resolve 3 months after surgery.



Patients and methods


Patients enrollment

Our study protocol was approved by the Institutional Review Board (IRB) of the University of Pennsylvania (#815686). All adult patients scheduled for non-emergent heart surgery were approached for consent. We excluded patients with pre-existing immunological aberrancies on immunosuppressant medications in the last 6 months (prednisone PO or IV more than 5 mg daily, αTNFα, αIL-6, αIL-3, αCD20 antibodies therapy, immunoglobulin, plasmapheresis, methotrexate, chemotherapy). The study did not include patients post-transplant.



Demographical and clinical data collections

Electronic medical records (EMR) were used to collect demographic and medical data for all enrolled participants. Charlson Comorbidity Index (CCI) measured the burden of chronic disease (27). EMR were extracted for description of surgical procedure and bundle as coronary artery graft bypass (CABG), aortic vavle surgery, mitral valve surgery, aortic arch surgery, and others (Table 1). Most patients have multiple procedure done during one surgery. The perioperative insult was gauged by the duration of anesthesia and surgery, estimated blood loss, and volume of crystalloid resuscitation. The usage of opioids, benzodiazepines, acetaminophen, ketorolac, and steroids during the perioperative 24 h was registered. Acute physiology and chronic health evaluation II (APACHE II) was calculated within 1 h (APACHE1h), 24 h (APACHE24h), and 48 h (APACHE48h) after admission to the Intensive Care Unit (ICU) (28). The severity of the illness was determined by Sequential Organ Failure Assessment (SOFA) (29). Organ failure was defined according to MODS criteria or the Glue Grant framework (30, 31). Depp venous thrombosis (DVT), pulmonary embolism (PE), and stroke diagnoses were extracted from medical records. Survival was determined at 28 days and 3 months. Platelets count was extracted from routine lab from EHR.


TABLE 1    Demographical and clinical characteristic of the studied sample.
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The characteristics of the studied population are presented in Table 1.



Sample procurement

Blood was collected in sodium citrate tubes after collection from an arterial or central line. Plasma was isolated by centrifugation for 10 min at 1,200 ×g 4°C, aliquoted, and stored at −80°C. Blood was collected before non-emergent cardiac surgery (tbaseline) followed by 24 h (t24h) and 7 days (t7d) later, with final follow-ups at 3 months (t3m).



Measures of complement effector activation

To detect human C5a levels in plasma samples, αC5a antibody neo-epitope (Biolegend, San Diego, CA) was utilized. Secondary detection was done with biotinylated anti-human C5a mAb (Biolegend, San Diego, CA) and avidin or streptavidin conjugated to horseradish peroxidase (BD, Franklin Lakes, NJ). Recombinant hC5a (Hycult, Wayne, PA) was used as the standard. An analogous process was utilized for the detection of sTCC by utilizing α human TCC mAb neoepitope (SantaCruz, San Diego, CA), biotinylated anti-human TTC mAb (QDC5, in-house). sC5b-9 Complex (Complement Tech, Marlon, NJ) used as standard.



Assessment of the complement protective factors and inflammation markers

Complement factor H, apolipoprotein J, and C-reactive protein were measured with the multiplex kit (Thermofisher, Waltham MA). IL-6 in serum was determined via ELISA (Thermofisher, Waltham MA).



Statistical analysis

The Shapiro-Wilk W test and distribution plots tested the normality and distribution of variables. Parametric variables are expressed as mean ± SD and compared, using t-Student. For non-parametric variables, median (Me) and interquartile ranges (IR) will be shown with the U-Mann-Whitney statistic, employed to compare such variables. ANOVA was calculated for parametric variables with multiple discrete values, with Shaffe’s test as a post hoc test. When applicable, paired contrasts for longitudinal comparisons were used with tbaseline as the reference point. Correlational momentum was calculated as r2 Pearson. A regression analysis was done stepwise methods when appropriate. k-means cluster analyses and data normalization were calculated with scikit-learn package. A p-value less than 0.05 was considered statistically significant for all tests based on the hypothesis. Statistical analyses will be performed with SPSS 26 [IBM, Whalton, NY), and in R (32)].




Results

Longitudinal analysis of cytotoxic (sTTC, C5a) and protective humoral complement factors (clusterin/ApoJ, factor H) after cardiac surgery.

Age over 60, gender, and race did not significantly affect the baseline levels of studied factors (data not shown).

sC5a changed significantly over time with concentrations initially decreasing [U (85) =−3.17; p = 0.0015), rebounding to significantly higher values at 7 days [U (79) = 2.54; p = 0.011] and 3 months (U [69] = 3.34; p = 0.00082) (Figure 1A). When data were compared pairwise, the median changes from baseline were 83, 136, and 150% at t24h, t7d, and t3m, respectively (Figure 1B). sTTC levels changed significantly at t24h [U (63) =−4.31; p = 0.00016] followed by recovery to pre-surgical values (Figure 1C). When the data were compared pairwise, the median changes from baseline were 43, 101, and 83% at t24h, t7d, and t3m, respectively (Figure 1D). However, significant sTTC variability at tbaseline and t3m was apparent. The correlation between sTTC and C5a was present only at t24h (r2 = 0.37; p < 0.004) (data not shown). A regression analysis revealed that the level of sC5a was the most significant contributor to sTTC levels at t24h, accounting for 56% (p = 0.0067) and 26% (p = 0.041) of sTTC variance.
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FIGURE 1
Longitudinal analysis of complement effectors (sC5a, sTCC) after heart surgery. Serum levels of C5a decreased early after surgery to increase up to 3 months of follow-ups (A,B). In contrast, sTTC was depressed only at t24h (C,D). *Denotes the statistical significance of 0.05 or less.


Significant changes over time were seen for both CfH and ApoJ. CfH levels were the lowest at t7d [W (70) = 3.06; p = 0.002] and t3m [W (56) = 3.82; p = 0.00013] (Figure 2A). When the data were compared pairwise, the median changes from baseline were 94, 84, and 64% at t24h, t7d, and t3m, respectively, (Figure 2B). ApoJ was lowest at t24h [W (86) = 2.56; p = 0.01] and at t3m [W (60) = 3.46; p = 0.00053] (Figure 2C). The changes from baseline were 81, 82, and 58%, respectively (Figure 2D).
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FIGURE 2
Longitudinal analysis of complement protective factors (CfH, ApoJ) after heart surgery. Progressive depletion of the CfH could be seen in the post-op period (A,B). In contrast, ApoJ started to recover after initial depletion (C,D). *Denotes the statistical significance of 0.05 or less.


The interplay between complement protective and effector proteins.

There was a significant correlation between C5a and sTTC (Figure 3A) and CfH and ApoJ (Figure 3B) at t24h. The unsupervised analysis identified two clusters with different time dynamics across all four factors studied (Figures 3C,D). Cluster #1 was a cluster with the gradual activation of C5a and sTTC over time while protective factors remained stable (CfH) or increased over time (ApoJ) (Figures 3C,D). Cluster #2 demonstrated an increase in sC5a, sTCC, and ApoJ at 7 days to decline at t3m (Figures 3C,D). However, CfH rapidly declined and remained low at t3m in the case of patients in complement cluster#2 (Figures 3C,D). Most patients belonged to complement cluster #1 at t24h (68%), t7d (74%), and t3m (72%). Patients belonged to the original t24h cluster, but the transition of individuals to other complement clusters was seen at t7d and t3m (Figure 3E).
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FIGURE 3
Complement factors milieu after cardiac surgery. C5a and TTC correlated strongly at the baseline (A), while protective factors (ApoJ CfH) correlated at t24h (B). While factors were analyzed using clustering, two subgroups emerged: cluster#1 can be characterized by a significant increase in ApoJ at 3 months while cluster#2 is characterized by significant activation of sC5a later after surgery concomitant ApoJ (C,D). Patients’ complement milieu was not stagnant as complement activation characteristics moved between clusters (E).



Relationship of complement activation vs. severity of the peri-operative injury

There was no correlation between the time on cardiopulmonary bypass, aortic cross-clamp, or anesthesia and any complement markers (data not shown). sTCC correlated with APACHE1h (r2 = 0.25; p < 0.031) and APAPCHE24h (r2 = 0.27; p < 0.049). CfH (r2 = 0.32; p < 0.003) correlated with the volume of transfused PRBC during t24hr. Similar correlations were seen between CfH (r2 = 0.29; p < 0.005), and the volume of transfused fresh frozen plasma was transfused at the same time. Finally, the amount of crystalloid administered correlated weakly with CfH (r2 = 0.28; p < 0.008) during surgery. C5a did not correlate with any measured variables of surgical insult severity.

Serum IL-6 inversely correlated with C5a (r2 =−0.28; p < 0.042) and sTTC (r2 =−0.28; p < 0.015) at t24h. CRP correlated highly with CfH (r2 =−0.42; p = 0.029) at t24h.

Perioperative intake of acetaminophen resulted in diminished [21.5 (16.6; 52.3) vs. 41.5 (29.5; 87.9)] serum levels of CfHt24h [U (91) = 2.84; p = 0.0048] while individuals receiving aspirin had lower serum sTTC at t24h [3.5 (0; 6.7) vs. 3.5 (0; 1.7); U (75) = 1.97; p = 0.049]. The intake of ketorolac and steroids had no impact on the serum levels of C5a, sTTC, CfH, or ApoJ (data not shown). The number of benzodiazepines given in the first 24 h after surgery correlated significantly with CfH (r2 =−0.28; p < 0.008), and ApoJ (r2 =−0.23; p < 0.028) at t24h but not with the perioperative intake of opioids (data not shown).



Correlations with clinical outcomes

Low mortality or the incidence of DVT or PE in our studied group precluded the comparison of studied complement factors. Patients who experienced an acute CVA significantly diminished levels of C5a at t7d and t3m (Figure 4). Emergence of AKI at 24 h or at the discharge was not related to changes in C5a, sTTC, CfH, or ApoJ at any time point (data not shown). However, only few patients (n = 5) experienced AKI at that time. Patients who were hospitalized at 28 days had significantly elevated serum C5a [186.2 ± 154.3 vs. 343.7 ± 327; t (78) = 2.03; p = 0.048] and sTTC serum levels [0.3 (0; 3.6) vs. 6 (4.35; 6.9); U (73) = 2.07; p = 0.037]. The length of stay (LOS) in the ICU or hospital did not correlate significantly with serum C5a, sTTC, CfH, or ApoJ.
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FIGURE 4
The effect of complement changes on the incidence of cerebrovascular accidents. Serum level of C5a at t7d and t3m was significantly depressed in patients (n = 7) who experienced stroke during 28 days after surgery. *Denotes the statistical significance of 0.05 or less.





Discussion

The first unique finding of this study is the observation of severe disruption in the complement milieu extending into post-surgical recovery and outside the period typically considered for peri-operative inflammation. Prior data reported that the effector elements of complement were altered for up to 48 h after surgery (8, 18, 19, 33, 34). Our study focused on 3 months’ performance of complement after heart surgery in adults. We demonstrated increased activity of C5a but no significant changes in serum sTTC in the wake of cardiac surgery and up to 3 months after. C5a plays a vital role in the chemotaxis of granulocytes and in coagulation activation (2, 3). More importantly, elevated C5a increases the risk of graft failure and coronary vasospasm and accelerates atherosclerosis (33, 35, 36). Here we observed decreased level of C5a connected to peri-operative stroke incidence, but the data should be considered a pilot for a more extensive study. The abnormal level of sC5a in patients experiencing a stroke may result from vasculitis consuming complement, as it has been seen in transplanted hearts (36). The etiology of elevated C5a is unclear. Acute inflammation measured by IL-6 seemed resolved. However, elevated mannose levels at the discharge of pediatric patients undergoing heart surgery suggest a potential mechanism of protracted C5a activation (18, 34, 37).

The second important and novel finding is that the long-term increase of sC5a is not counterbalanced by factors protecting from the overactivation of the complement system (6, 11–13, 15, 17, 20). As demonstrated both in time series and cluster analysis, both ApoJ and CfH were severely depressed in several patients if their C5a and sTCC were elevated. This is the first observation of this nature to date. Hemodilution is unlikely to be responsible for decline of ApoJ and CfH considering that 3 months after surgery patients fluid status should be balanced. Excessive consumption is potential reason but a generalized phenomenon like disseminated intravascular coagulation should resolve at 3 months. Also, the platelets count normalized at the time of discharge (data not shown). Interestingly, the milieu of patients’ complement factors created two relatively uniform clusters initially right after surgery. However, over time, patients tended to group in cluster#1. This cluster sustained activation of C5a and preserved ApoJ and CfH, and resembles a natural resolution of complement activation where elevated levels of C5a and sTTC are counterbalanced by protective elements. The alternative cluster was different mainly due to the profound long-term depletion of CfH and ApoJ. CfH is critical as the alternative activation pathway of the complement system (2, 6, 11). Alternative and mannose-driven complement activation is predominantly affected during cardiopulmonary bypass surgery (6, 18, 35). The liver is one of the predominant producers of CfH and ApoJ, but incidence of liver failure was low in our studied population (38). CfH is activated by pentraxin, but this protein family was not in our study (17). Finally, acute inflammation was measured via IL-6 and normalized at 7 days so the ongoing inflammatory process cannot account for the decrease in ApoJ and CfH (8, 18).

Applying the multidimensional approach to data is an alternative to the prior studies. It aligns well with the current understanding of critical care illnesses, such as dysregulation failure. It offers a holistic assessment of complement where several biological components are considered as several regulatory components like CfH and ApoJ may be critical in restoring post-cardiac effector components imbalance (22, 23). It also offers a new approach for treating the post-cardiac surgery abnormalities as the prior clinical studies modulating complement failed to demonstrate widespread clinical benefit (25). Anti-complement modulators have been advocated for long time as potential drugs for patient undergoing heart surgery but clinical trial failed. The failure is often attributed to insufficient understanding of complement activation during heart surgery (39, 40). Our study suggested that complement performance is multidimensional and involved multiple pro- and anti-complement factors (2, 22). It is possible that modulating of C5a/sTTC vs. supplementing ApoJ or CfH needs to be precisely targeted in specific patients subpopulation as demonstrated in our cluster analysis. The clinical meaning of our findings has yet to be determined as limited study samples, and incidence of stroke precluded statistical analysis.

Limitations of our study need to be acknowledged. First, extending the study to a different center and using commercially available kits is necessary to generalize the findings. The high standardization of care in our system may have increased the chance of this bias. Second, we only investigated the effector arm of the complement activation system while interference with the mannose/lectin activated pathway may be more dominant in cardiac surgery patients (34, 41). Other elements of the complement regulatory components were not measured while representing distinctive activation, inhibition, and regulation (4, 12, 17, 26, 37). Third, our study was not powered to look for the clinical impact of the complement milieu. No prior study has analyzed several complement factors simultaneously. Most of the correlations between complement factors and clinical measurements reflecting cardiac surgery severity were weak and, at best, suggested potential relationships. Most of these correlations were related to blood loss or perioperative transfusions. Consequently, changes in the complement system may be related to exogenous injections of CfH and ApoJ as they are abundant in serum (6, 7). Finally, CfH polymorphisms is rare and unlikely as the factor affecting results (14). Also, pre-existing condition leading to surgery were very ambiguous. Some patients had diagnosis of coronary artery disease, while others had pre-existing endocarditis leading to surgery. Several others pre-existing conditions could be extracted from chart. Several of these conditions may affect the baseline complement status at baseline with even less predictable effect for the peri-surgical fluctuations of factors (2, 22, 36).

Our pilot study offers several methodological advantages over prior studies. First, it provides a relatively large sample and, more importantly, a longitudinal analysis extending 3 months after surgery (18). The same heparinized circuit was used throughout the study’s duration (19). We also account for the acetaminophen, ketorolac, aspirin, and steroids used during the surgery (19). High standardization of the care reduced post-surgery care variability. We accounted for inflammation levels by measuring IL-6. Several components of perioperative management were factored in more detail as compared to prior studies (18, 22, 25).

In summary, we demonstrated for the first time imbalance between C5a and CfH and ApoJ three months after non-emergent cardiac surgery. This imbalance was related to the longer LOS and emergence of cerebrovascular events.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the University of Pennsylvania IRB. The patients/participants provided their written informed consent to participate in this study.



Author contributions

KL: conceptualization, methodology, investigation, and writing—original draft preparation. KL and TO: formal analysis, data curation, and visualization. KL, TO, W-CS, DG, and WS: writing—review and editing. KL and WS: project executions and funding acquisition. All authors have read and agreed to the published version of the manuscript.



Funding

This research was supported by the NIH NIGMS award (K23 GM120630) and KL’s own funds.



Acknowledgments

We acknowledge the staff of the Heart and Vascular Intensive Care Unit at Penn Presbyterian Medical Center and our colleagues from the Department of Anesthesiology and Critical Care University of Pennsylvania. We thank Mariana Restrepo and Justin Wain for their help in the preparation of this manuscript.



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.



Abbreviations

APACHE, Acute Physiologic Assessment and Chronic Health Evaluation; ApoJ, Apolipoprotein J; BMI, Body Mass Index; C5a, Complement component 5a; CCI, Charlson Comorbidity Index; CfH, Complement Factor H; CRP, C Reactive Protein; CVA, Cerebrovascular accident; DVT, Deep Vein Thrombosis; EMR, Electronic Medical Review; ICU, Intensive Care Unit; IgG, Immunoglobulin G; IgM, Immunoglobulin M; IL-6, Interleukin 6; LOS, Length of Stay; PAMP, Pattern Activation of Molecular Patterns; PE, Pulmonary Embolism; SOFA, Sequential Organ Failure Assessment; sTCC, Soluble Terminal Complement Complex.



References

1. Kang Y-H, Tan LA, Carroll MV, Gentle ME, Sim RB. Target pattern recognition by complement proteins of the classical and alternative pathways. Adv Exp Med Biol. (2009) 653:117–28. doi: 10.1007/978-1-4419-0901-5_8

2. Rawish E, Sauter M, Sauter R, Nording H, Langer HF. Complement, inflammation and thrombosis. Br J Pharmacol. (2021) 178:2892–904. doi: 10.1111/bph.15476

3. Bohnsack JF, Widjaja K, Ghazizadeh S, Rubens CE, Hillyard DR, Parker CJ, et al. A role for C5 and C5a-ase in the acute neutrophil response to group B streptococcal infections. J Infect Dis. (1997) 175:847–55. doi: 10.1086/513981

4. Yao X, Verkman AS. Complement regulator CD59 prevents peripheral organ injury in rats made seropositive for neuromyelitis optica immunoglobulin G. Acta Neuropathol Commun. (2017) 5:57. doi: 10.1186/s40478-017-0462-4

5. Coppo R, Peruzzi L, Loiacono E, Bergallo M, Krutova A, Russo ML, et al. Defective gene expression of the membrane complement inhibitor CD46 in patients with progressive immunoglobulin A nephropathy. Nephrol Dial Transplant. (2019) 34:587–96. doi: 10.1093/ndt/gfy064

6. Parente R, Clark SJ, Inforzato A, Day AJ. Complement factor H in host defense and immune evasion. Cell Mol Life Sci. (2017) 74:1605–24. doi: 10.1007/s00018-016-2418-4

7. Rodríguez-Rivera C, Garcia MM, Molina-Álvarez M, González-Martín C, Goicoechea C. Clusterin: always protecting. Synthesis, function and potential issues. Biomed Pharmacother. (2021) 134:111174. doi: 10.1016/j.biopha.2020.111174

8. Tárnok A, Hambsch J, Emmrich F, Sack U, van Son J, Bellinghausen W, et al. Complement activation, cytokines, and adhesion molecules in children undergoing cardiac surgery with or without cardiopulmonary bypass. Pediatr Cardiol. (1999) 20:113–25. doi: 10.1007/s002469900417

9. Michalski M, Pągowska-Klimek I, Thiel S, Świerzko AS, Hansen AG, Jensenius JC, et al. Factors involved in initiation and regulation of complement lectin pathway influence postoperative outcome after pediatric cardiac surgery involving cardiopulmonary bypass. Sci Rep. (2019) 9:2930. doi: 10.1038/s41598-019-39742-w

10. French LE, Tschopp J, Schifferli JA. Clusterin in renal tissue: preferential localization with the terminal complement complex and immunoglobulin deposits in glomeruli. Clin Exp Immunol. (1992) 88:389–93. doi: 10.1111/j.1365-2249.1992.tb06459.x

11. Kang YH, Urban BC, Sim RB, Kishore U. Human complement Factor H modulates C1q-mediated phagocytosis of apoptotic cells. Immunobiology. (2012) 217:455–64. doi: 10.1016/j.imbio.2011.10.008

12. Trouw LA, Bengtsson AA, Gelderman KA, Dahlbäck B, Sturfelt G, Blom AM. C4b-binding protein and factor H compensate for the loss of membrane-bound complement inhibitors to protect apoptotic cells against excessive complement attack. J Biol Chem. (2007) 282:28540–8. doi: 10.1074/jbc.AAC120.014609

13. Leffler J, Herbert AP, Norström E, Schmidt CQ, Barlow PN, Blom AM, et al. Annexin-II, DNA, and histones serve as factor H ligands on the surface of apoptotic cells. J Biol Chem. (2010) 285:3766–76. doi: 10.1074/jbc.M109.045427

14. Alic L, Papac-Milicevic N, Czamara D, Rudnick RB, Ozsvar-Kozma M, Hartmann A, et al. A genome-wide association study identifies key modulators of complement factor H binding to malondialdehyde-epitopes. Proc Natl Acad Sci USA. (2020) 117:9942–51. doi: 10.1073/pnas.1913970117

15. Kárpáti É, Papp A, Schneider AE, Hajnal D, Cserhalmi M, Csincsi ÁI, et al. Interaction of the Factor H Family Proteins FHR-1 and FHR-5 With DNA and dead cells: implications for the regulation of complement activation and opsonization. Front Immunol. (2020) 11:1297. doi: 10.3389/fimmu.2020.01297

16. Sjöberg AP, Trouw LA, Clark SJ, Sjölander J, Heinegård D, Sim RB, et al. The factor H variant associated with age-related macular degeneration (His-384) and the non-disease-associated form bind differentially to C-reactive protein, fibromodulin, DNA, and necrotic cells. J Biol Chem. (2007) 282:10894–900. doi: 10.1074/jbc.M610256200

17. Wang L, Cano M, Datta S, Wei H, Ebrahimi KB, Gorashi Y, et al. Pentraxin 3 recruits complement factor H to protect against oxidative stress-induced complement and inflammasome overactivation. J Pathol. (2016) 240:495–506. doi: 10.1002/path.4811

18. Bruins P, te Velthuis H, Yazdanbakhsh AP, Jansen PG, van Hardevelt FW, de Beaumont EM. Activation of the complement system during and after cardiopulmonary bypass surgery. Circulation. (1997) 96:3542–8. doi: 10.1161/01.cir.96.10.3542

19. Jansen PGM, te Velthuis H, Huybregts RAJM, Paulus R, Bulder ER, van der Spoel HI, et al. Reduced complement activation and improved postoperative performance after cardiopulmonary bypass with heparin-coated circuits. J Thorac Cardiovasc Surg. (1995) 110:829–34. doi: 10.1016/S0022-5223(95)70117-6

20. Jagdale A, Nguyen H, Li J, Burnette K, Ayares D, Cooper DKC, et al. Does expression of a human complement-regulatory protein on xenograft cells protect them from systemic complement activation? Int J Surg. (2020) 83:184–8. doi: 10.1016/j.ijsu.2020.09.034

21. Ehrnthaller C, Amara U, Weckbach S, Kalbitz M, Huber-Lang M, Bahrami S. Alteration of complement hemolytic activity in different trauma and sepsis models. J Inflamm Res. (2012) 5:59–66. doi: 10.2147/JIR.S31787

22. ClinicalTrials.gov. Studying Complement Inhibition in Complex Cardiac Surgery (CARDIAC). (2016). Available online at: https://clinicaltrials.gov/ct2/show/NCT02866825 (accessed February 15, 2017).

23. Carrier M, Ménasché P, Levy JH, Newman MF, Taylor KM, Haverich A, et al. Inhibition of complement activation by pexelizumab reduces death in patients undergoing combined aortic valve replacement and coronary artery bypass surgery. J Thorac Cardiovasc Surg. (2006) 131:352–6. doi: 10.1016/j.jtcvs.2005.10.011

24. Smith PK, Carrier M, Chen JC, Haverich A, Levy JH, Menasché P, et al. Effect of pexelizumab in coronary artery bypass graft surgery with extended aortic cross-clamp time. Ann Thorac Surg. (2006) 82:781–8. doi: 10.1016/j.athoracsur.2006.02.024

25. Smith PK, Shernan SK, Chen JC, Carrier M, Verrier ED, Adams PX, et al. Effects of C5 complement inhibitor pexelizumab on outcome in high-risk coronary artery bypass grafting: combined results from the PRIMO-CABG I and II trials. J Thorac Cardiovasc Surg. (2011) 142:89–98. doi: 10.1016/j.jtcvs.2010.08.035

26. Stravalaci M, Davi F, Parente R, Gobbi M, Bottazzi B, Mantovani A, et al. Control of complement activation by the long pentraxin PTX3: implications in age-related macular degeneration. Front Pharmacol. (2020) 11:591908. doi: 10.3389/fphar.2020.591908

27. Buntinx F, Niclaes L, Suetens C, Jans B, Mertens R, Van den Akker M. Evaluation of Charlson’s comorbidity index in elderly living in nursing homes. J Clin Epidemiol. (2002) 55:1144–7. doi: 10.1016/s0895-4356(02)00485-7

28. Barie PS, Hydo LJ, Fischer E. Comparison of APACHE II and III scoring systems for mortality prediction in critical surgical illness. Arch Surg. (1995) 130:77–82. doi: 10.1001/archsurg.1995.01430010079016

29. Peres Bota D, Melot C, Lopes Ferreira F, Nguyen Ba V, Vincent JL. The Multiple Organ Dysfunction Score (MODS) versus the Sequential Organ Failure Assessment (SOFA) score in outcome prediction. Intensive Care Med. (2002) 28:1619–24. doi: 10.1007/s00134-002-1491-3

30. Cuenca AG, Maier RV, Cuschieri J, Moore EE, Moldawer LL, Tompkins RG, et al. The glue grant experience: characterizing the post injury genomic response. Eur J Trauma Emerg Surg. (2011) 37:549–58. doi: 10.1007/s00068-011-0148-8

31. Venkataraman R, Kellum JA. Defining acute renal failure: the RIFLE criteria. J Intensive Care Med. (2007) 22:187–93. doi: 10.1177/0885066607299510

32. R Core Team. R: a Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing (2021).

33. Speidl WS, Exner M, Amighi J, Kastl SP, Zorn G, Maurer G, et al. Complement component C5a predicts future cardiovascular events in patients with advanced atherosclerosis. Eur Heart J. (2005) 26:2294–9. doi: 10.1093/eurheartj/ehi339

34. Pągowska-Klimek I, Świerzko AS, Michalski M, Głowacka E, Szala-Poździej A, Sokołowska A, et al. Activation of the lectin pathway of complement by cardiopulmonary bypass contributes to the development of systemic inflammatory response syndrome after paediatric cardiac surgery. Clin Exp Immunol. (2016) 184:257–63. doi: 10.1111/cei.12763

35. Limnell V, Aittoniemi J, Vaarala O, Lehtimäki T, Laine S, Virtanen V, et al. Association of mannan-binding lectin deficiency with venous bypass graft occlusions in patients with coronary heart disease. Cardiology. (2002) 98:123–6. doi: 10.1159/000066313

36. Qian Z, Hu W, Liu J, Sanfilippo F, Hruban RH, Baldwin WMIII. Accelerated graft arteriosclerosis in cardiac transplants: complement activation promotes progression of lesions from medium to large arteries. Transplantation. (2001) 72:900–6. doi: 10.1097/00007890-200109150-00027

37. McGrath FDG, Brouwer MC, Arlaud GJ, Daha MR, Hack CE, Roos A. Evidence that complement protein C1q interacts with C-reactive protein through its globular head region. J Immunol. (2006) 176:2950–7. doi: 10.4049/jimmunol.176.5.2950

38. Schwaeble W, Zwirner J, Schulz TF, Linke RP, Dierich MP, Weiss EH. Human complement factor H: expression of an additional truncated gene product of 43 kDa in human liver. Eur J Immunol. (1987) 17:1485–9. doi: 10.1002/eji.1830171015

39. Patel JA, Ghatak SB. Pexelizumab and its role in the treatment of myocardial infarction and in coronary artery bypass graft surgery: a review. Recent Pat Cardiovasc Drug Discov. (2008) 3:145–52. doi: 10.2174/157489008784705322

40. Salameh A, Dhein S, Dähnert I, Klein N. Neuroprotective strategies during cardiac surgery with cardiopulmonary bypass. Int J Mol Sci. (2016) 17:1945. doi: 10.3390/ijms17111945

41. Chun N, Haddadin AS, Liu J, Hou Y, Wong KA, Lee D, et al. Activation of complement factor B contributes to murine and human myocardial ischemia/reperfusion injury. PLoS One. (2017) 12:e0179450. doi: 10.1371/journal.pone.0179450












	
	TYPE Original Research
PUBLISHED 07 February 2023
DOI 10.3389/fcvm.2023.1008825






Increased levels of NT-proBNP and troponin T 2 years after coronary artery bypass grafting complicated by mediastinitis

Ivar Risnes1,2,3*, Pål Aukrust4,5,6, Runar Lundblad1,2, Olaf Rødevand1, Thor Ueland4,5, Stein Erik Rynning3 and Sahrai Saeed3


1Department of Cardiac Surgery, LHL Heart Clinic, Gardermoen, Norway

2Department of Thoracic and Cardiovascular Surgery, Oslo University Hospital, Rikshospitalet, Oslo, Norway

3Department of Heart Disease, Haukeland University Hospital, Bergen, Norway

4Research Institute of Internal Medicine, Oslo University Hospital, Rikshospitalet, Oslo, Norway

5Institute of Clinical Medicine, Faculty of Medicine, University of Oslo, Oslo, Norway

6Section of Clinical Immunology and Infectious Diseases, Oslo University Hospital, Rikshospitalet, Oslo, Norway

[image: image2]

OPEN ACCESS

EDITED BY
Shahzad Raja, Harefield Hospital, United Kingdom

REVIEWED BY
Ramesh Daggubati, West Virginia University, United States
 Shiho Naito, University Medical Center Hamburg-Eppendorf, Germany
 Aveek Jayant, Homi Bhabha Cancer Hospital and Research Centre, India

*CORRESPONDENCE
 Ivar Risnes, [image: yes] ivar.risnes@lovisenberg.no

SPECIALTY SECTION
 This article was submitted to Heart Surgery, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 01 August 2022
 ACCEPTED 16 January 2023
 PUBLISHED 07 February 2023

CITATION
 Risnes I, Aukrust P, Lundblad R, Rødevand O, Ueland T, Rynning SE and Saeed S (2023) Increased levels of NT-proBNP and troponin T 2 years after coronary artery bypass grafting complicated by mediastinitis. Front. Cardiovasc. Med. 10:1008825. doi: 10.3389/fcvm.2023.1008825

COPYRIGHT
 © 2023 Risnes, Aukrust, Lundblad, Rødevand, Ueland, Rynning and Saeed. 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.



Background: Mediastinitis after coronary bypass grafting (CABG) increases the risk of the internal mammary artery (IMA) graft obstruction, and has a detrimental effect on long-term survival. The pathogenesis for this increased mortality is poorly understood. In the present study, we aimed to investigate the relationship between mediastinitis and persistently elevated cardiac-specific biomarkers [troponin T (TnT) and N-terminal pro-brain natriuretic peptide (NT-proBNP)] and C-reactive protein (CRP) at mid-term follow-up following CABG.

Material and methods: The epidemiologic design was of an exposed (mediastinitis, n = 41) vs. randomly selected non-exposed (non-mediastinitis) controls (n = 41) cohort. Serum samples for measurements of NT-proBNP, TnT, and CRP were obtained at a median follow up time of 2.7 (range 0.5–5.2) years after CABG surgery.

Results: NT-proBNP (mean 65.0 pg/ml vs. 34.8 pg/ml, p = 0.007) and TnT levels (mean 14.7 ng/L vs. 11.2 ng/L, p = 0.004) were significantly higher in the mediastinitis group than in the control group. Patients with mediastinitis had also higher body mass index (BMI) and were more likely to have diabetes and previous myocardial infarction. There was no difference in serum CRP level between the groups. After controlling for potential confounders (previous myocardial infarction, age, and BMI), the presence of mediastinitis was associated with higher levels of log NT-proBNP (p = 0.02) and log TnT (p = 0.04).

Conclusion: Mediastinitis increases the concentrations of cardiac-specific biomarkers NT-proBNP and TnT at mid-term follow-up, representing persistent myocardial injury and impaired cardiac function.

KEYWORDS
  cardiac biomarkers in mediastinitis following coronary artery bypass grafting, coronary artery bypass grafting, C-reactive protein, mediastinitis, N-terminal probrain natriuretic peptide, troponin T


Introduction

The incidence of mediastinitis after coronary artery bypass grafting (CABG) is low; around 1%. However, this feared complication is associated with an increased risk of morbidity and decreased long-term survival (1–4). In addition, the risk of cardiac death is significantly higher in patients with mediastinitis compared to patients without mediastinitis (1). The mechanism for development of mediastinitis and its complications is multifactorial, and not fully understood (1–5). Mediastinitis increases the risk of early internal mammary artery (IMA) graft obstruction (6), which may be due to inflammation or mechanical damage to the IMA. IMA graft failure is probably one of several factors that explains cardiac death after mediastinitis. N-terminal pro-brain natriuretic peptide (NT-proBNP) is synthesized and released from the myocardium in response to increased wall stress and injury (7, 8). The serum levels of NT-proBNP are increased in patients with heart failure (HF), and have been shown to provide important prognostic information in these patients (9, 10). Similarly, higher concentrations of troponin T (TnT), a specific marker of cardiomyocyte damage, have been shown to be prognostically important, not only in patients with myocardial infarction (MI) and unstable coronary artery disease (CAD), but also in patients with stable CAD and in patients with HF (11, 12).

C-reactive protein (CRP) is a stable and reliable marker of inflammation, and has been shown to give prognostic information in a wide number of atherosclerotic disorders, as well as HF, reflecting the involvement of inflammatory pathways in these disorders (13, 14). Numerous studies have shown that NT-proBNP, TnT and CRP provide important prognostic information in various cardiovascular disorders. However, whether these markers are regulated by mediastinitis following CABG, is not fully elucidated. Therefore, in the present study, we examined the levels of NT-proBNP, TnT and CRP following CABG in patients with and without complicating mediastinitis.



Materials and methods


Study population

Between September 2005 and April 2010, a total of 6,620 patients >18 years undergoing CABG surgery were considered as the source population for the present study. In this period, patients suffering from deep sternal wound infection were treated with vacuum-assisted closure (VAC). The diagnosis was based upon the criteria established by the Centres for Disease Control and Prevention (www.cdc.gov) (15, 16).



Epidemiological design

This is a cohort study of 82 patients undergoing CABG surgery. By epidemiological design, the study included 41 exposed (mediastinitis) and 41 non-exposed (non-mediastinitis), controls. Blood samples were collected and analyzed for; (1) NT-proBNP, (2) TnT and (3) CRP. Blood samples were obtained at routine examination at a median follow up time of 2.7 (range, 0.5–5.2) years after primary CABG surgery. All CABG patients who had developed post-operative mediastinitis during 4.7 years follow-up, from September 2005 to April 2010, were considered as exposed patients. The non-exposed cohort was a random control sample of 41 patients without mediastinitis (Figure 1), collected from the same source population and the same period of time (17). Evaluation of the laboratory markers was performed during a period of nine months, from April to December 2010. Median observation time from primary CABG to laboratory control and coronary CT angiography was 2.6 (range 0.5–5.2) years in the mediastinitis and 2.8 (range 0.7–4.6) years in the control group (p = 0.87) (Figure 1). Evaluation of the endpoints was performed via coronary CT angiography. The evaluation of the images was performed by two independent radiologists blinded to the status of the patients and exposition to mediastinitis. Surgical technique for the CABG operation, surgical revision of mediastinitis and anesthesia were performed as previous described (1, 6). All cases of cardiac surgery were performed with cardiopulmonary bypass machine and no Off-Pump method was used.


[image: Figure 1]
FIGURE 1
 Study design.




NT-proBNP, TnT, and CRP analyses

The levels of TnT were determined by a third-generation high-sensitivity assay on an Elecsys (Roche Diagnostic, Basel Switzerland), with a level of detection of 0.01 μg/L. CRP concentrations were measured with a chemiluminescent enzyme-labeled immunometric high-sensitivity assay (Immulite CRP; Diagnostic Products Corp), with a limit of detection of 0.1 mg/L. Serum NT-proBNP was determined with a sandwich immunoassay on an Elecsys 2010 (Roche Diagnostics).



Statistical methods

The IBM SPSS 20.0 software (IBM Corporation, Armonk, New York) was used for data management and analysis. Data are presented as mean ± SD for continuous variables and as percentages for categorical variables. NT-proBNP, CRP, and TnT were not normally distributed and were log-transformed. Differences in the level of NT-proBNP, CRP, and TnT between mediastinitis patients and controls were assessed using a non-parametric statistic (Mann Whitney U test) as the distribution of those markers were not Gaussian and very skewed (18). Association between the presence of mediastinits and the three markers was done via the multivariate linear regression models to control for the variables with confounding effect in the relationship between presence of mediastinitis and outcome. All markers were logged when considered as outcomes in the multivariate model (19). P < 0.05 (two-sided) were considered statistically significant.




Results

This was a cohort study of exposed (mediastinitis) and non-exposed (random controls without mediastinitis) patients chosen from the same source population. Baseline characteristics are presented in Table 1. There was no difference in age, gender, New York Heart Association (NYHA) functional class, and left ventricular ejection fraction (EF) between the groups, but body mass index (BMI) was significantly higher in patients with mediastinitis. Patients with mediastinitis had also higher burden of previous MI and diabetes (Table 1). The need for blood transfusion in relation to the CABG procedure was also significantly higher in patients with mediastinitis (p = 0.03). In contrast to these differences, there was no difference in number of stenotic coronary arteries with 2.7 (±0.5) in the mediastinitis group and 2.8 (±0.4) in the control group (mean ± SD, p = 0.71).


TABLE 1 Clinical profile of patients with mediastinitis and random controls without mediastinitis.
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Differences in NT-proBNP, TnT, and CRP level between the study groups

Patients with mediastinitis following CABG had significantly higher levels of NT-proBNP as compared with those without this complication 65.0 (±63.6) pmol/l vs. 34.8 (±34.8) pmol/l (mean ± SD, p = 0.007) (Figure 2). A similar pattern was seen for TnT with the highest levels in those with mediastinitis 14.7 (±6.8) ng/l vs. 11.2 (±2.7) ng/l (mean ± SD, p = 0.004), but not for CRP (p = 0.14) (Figure 2).


[image: Figure 2]
FIGURE 2
 Distribution of NT-proBNP (A), Troponin T (B), and CRP concentrations (C) in patients with mediastinitis versus controls. Date are presented here as mean ± SD.




Multivariate analysis controlling for confounders

Table 2 summarizes the results of the univariate and multivariate linear regression models. In separate models after controlling for the potential confounders (i.e., previous MI, age, and BMI), the presence of mediastinitis was associated with higher log NT-proBNP (p = 0.02) and log TnT (p = 0.04).


TABLE 2 Univariate and multivariable-adjusted effect of mediastinits on log NT-proBNP and log troponin-T.
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Discussion

In the present study we showed that patients with VAC-treated mediastinitis after CABG, had significantly higher serum levels of NT-proBNP and TnT, but not of CRP, compared with patients without mediastinitis even 2.7 years (median) following CABG. Cardiac biomarkers like NT-proBNP and TnT are useful for prediction of cardiac events and mortality (7–14), and raised levels in the mediastinitis group may at least partly explain the observed decreased long-term survival in this group of patients.

Mediastinitis is a severe complication after CABG, and is associated with increased risk of early and late cardiovascular death (1). In a prospective study of 5,185 patients undergoing cardiac surgery, 41 patients had mediastinal infection. Among these, 16 patients had isolated CABG and 8 combined with valve intervention (20). Mediastinal infection after cardiac operation was associated with longer hospital stay, readmissions, and death. However, the frequency of graft obstruction and its association with prognosis was not studied. Based on our previous observations in this cohort (6), we hypothesized that inflammation pathway may be a major contributor to the pathogenesis of atherosclerotic obstruction of the IMA graft, and this might explain why postoperative mediastinitis is a major contributor of reduced long-term survival after CABG.

Levels of NT-proBNP rise with increasing degree of cardiac wall stress secondary to ventricular enlargement and maladaptive cardiac remodeling seen in patients with HF and after MI (21). Importantly, however, NT-proBNP is secreted in response to raised intra-cardiac pressure and wall stress irrespective of the underlying cause (7–10). TnT is a sensitive marker of cardiomyocyte damage following necrosis or apoptosis, and raised levels have been shown to provide important prognostic information in various cardiovascular disorders including MI, stable CAD and HF (11, 12). In the present study, we show that patients with mediastinitis following CABG have elevated levels of NT-proBNP and TnT more than 2 years following CABG. These findings suggest that patients with mediastinitis may have persistent myocardial damage and impaired cardiac function, potentially contributing to the poorer long-term prognosis in these patients that also include increased occurrence of cardiac death (1).

Although the exact reasons for the increased levels of NT-proBNP and TnT in patients with mediastinitis remain unknown, a possible explanation may be the significantly higher prevalence of cardiometabolic risk factors in the mediastinitis group. It is well-established that metabolic syndrome leads to structural and functional left ventricular remodeling, preclinical or clinical systolic and/or diastolic dysfunction and fibrosis (22). However, elevated levels of TnT and NT-proBNP were also found after adjusting for BMI, suggesting that our findings may not merely reflect an increased prevalence of cardiometabolic risk in patients with mediastinitis. It is also important to note that NT-proBNP has been seen to be affected by other factors such as anemia (23) and renal failure (24) that was not adjusted for in the present study. Furthermore, the prevalence of prior MI was as twice as common in patients with mediastinitis compared with controls. Hence, silent/residual coronary ischemia, particularly due to microvascular disease, in patients with mediastinitis may also be a possible reason for increased TnT. However, all patients were clinically stable and asymptomatic, and underlying silent coronary ischemia was not assessed by stress echocardiography or other imaging modalities. Nonetheless, this highlights the importance of optimal cardioprotective medications including statin and anti-angina and antihypertensive medications following CABG surgery.

Persistent mediastinitis per se as an inflammatory condition could potentially be a contributing factor, but the lack of difference in CRP levels between the two groups, makes this possibility unlikely. However, low-grade myocardial inflammation that is not reflected by systemic CRP levels cannot be excluded. Moreover, mediastinitis may lead to an accelerated coronary ischemia and artery spasm, potentially contributing to ischemic cardiomyopathy. Also, the presence of mediastinitis in the early period following CABG, increases the risk of IMA-graft obstruction, but not saphenous vein grafts (SVG) (6). The mechanism of mediastinitis-induced IMA failure, which in turn could induce myocardial dysfunction, may be mechanical damage due to repetitive sternal revision or inflammatory reaction to the IMA with subsequent occlusion. Whatever the mechanisms, our findings suggest that mediastinitis following CABG may induce myocardial dysfunction that could be evident even more than 2 years following CABG surgery.

The present study has some limitations. First, our study groups are relatively small with some additional methodological limitations such as the retrospective design and lack of long-term outcome data; however we believe our results are of topical interest, hypothesis generating and should trigger lager prospective studies with longer follow-up to investigate the association of post-CABG mediastinitis with cardiac biomarkers as well as with serum biomarkers of inflammation. Second, serum biomarkers were retrospectively collected and the study lacks some relevant data. Therefore, our conclusions should be interpreted cautiously. Third, the lack of data on mortality and morbidity, including cardiac related hospitalizations and the incidence of recurrent angina. Fourth, only baseline left ventricular EF by echocardiography was included. Data on global longitudinal strain derived by speckle-tracking echocardiography or diastolic dysfunction were not available. Similarly, echocardiographic data during follow-up was not collected. Fifth, cardiac magnetic resonance (CMR) imaging is a gold standard for assessment of persistent myocardial inflammation, subendocardial injury and scar and fibrosis. Our findings suggest that mediastinitis following CABG surgery could induce a degree of myocardial dysfunction potentially contributing to the increase in short- and long-term mortality in these patients. However, CMR was not included in the present study. Larger prospective studies in the future that also include echocardiography and CMR should examine whether elevated TnT and NT-proBNP concentration could be used as prognostic markers for long term survival after CABG.
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Background: Infective endocarditis (IE) is a rare, highly morbid condition with 17% in-hospital mortality. A total of 25–30% require surgery and there is ongoing debate with regard to markers predicting patient outcomes and guiding intervention. This systematic review aims to evaluate all IE risk scores currently available.

Methods: Standard methodology (PRISMA guideline) was used. Papers with risk score analysis for IE patients were included, with attention to studies reporting area under the receiver-operating characteristic curve (AUC/ROC). Qualitative analysis was carried out, including assessment of validation processes and comparison of these results to original derivation cohorts where available. Risk-of-bias analysis illustrated according to PROBAST guidelines.

Results: Of 75 articles initially identified, 32 papers were analyzed for a total of 20 proposed scores (range 66–13,000 patients), 14 of which were specific for IE. The number of variables per score ranged from 3 to 14 with only 50% including microbiological variables and 15% including biomarkers. The following scores had good performance (AUC > 0.8) in studies proposing the score (often the derivation cohort); however fared poorly when applied to a new cohort: PALSUSE, DeFeo, ANCLA, RISK-E, EndoSCORE, MELD-XI, COSTA, and SHARPEN. DeFeo score demonstrated the largest discrepancy with initial AUC of 0.88, compared to 0.58 when applied to different cohorts. The inflammatory response in IE has been well documented and CRP has been found to be an independent predictor for worse outcomes. There is ongoing investigation on alternate inflammatory biomarkers which may assist in IE management. Of the scores identified in this review, only three have included a biomarker as a predictor.

Conclusion: Despite the variety of available scores, their development has been limited by small sample size, retrospective collection of data and short-term outcomes, with lack of external validation, limiting their transportability. Future population studies and large comprehensive registries are required to address this unmet clinical need.

KEYWORDS
endocarditis, outcome assessment, risk score, risk factors, cardiac surgery


Introduction

Infective endocarditis (IE) is a rare, highly morbid condition, affecting 6.8 patients per 100,000 per year in the United Kingdom (UK) (1), with an in-hospital mortality rate of 17.1% (2). In the 2019 EURO-ENDO registry data, almost 70% of patients had a theoretical indication for surgery with 51% undergoing surgical intervention (2). The aim of surgery in this group of patients is removal of the vegetation/infection source and repair/replacement of the valve involved to restore function (3). Despite the advances in diagnostic testing, antibiotic therapy and surgical techniques, the incidence and mortality of IE has remained largely the same over the past 30 years (4).

By virtue of its pathophysiology, care of IE patients requires a multi-specialty approach, involving cardiologist, microbiologist, surgeon, intensivist and imaging specialist at the very least. The 2015 ESC (European Society of Cardiology) Guidelines for the management of IE emphasize this approach in the form of an “endocarditis team,” recommending prognostic assessment based on clinical, microbiological and echocardiographic data (5). However, according to both literature and clinical practice, there is no prognostic tool available that encompasses these three levels of information, collected within 48–72 h from admission.

The need for a modern, comprehensive and widely applicable predictive score for risk stratification of this diverse patient group is essential for decision-making within the Endocarditis Team. A validated risk score encompassing the triad of clinical, microbiological and imaging characteristics (5) would be a useful tool to help define prognosis and management.

Published risk scores have been limited to small, very specific patient groups spanning a long period of time. In addition, many of the scores have been developed specifically for surgical cohorts, treated in tertiary centers, excluding patients with implantable cardiac devices or prosthetic valves.

This systematic review aims to synthesize the data on predictive models reported in the literature intended to guide management decisions during the acute care of adults with IE and assess their reported performance in the clinical setting. This data will highlight areas for development and improved data analysis for IE patients, as well as provide a framework for ongoing research in the identification of a comprehensive predictive score.



Materials and methods

Standard methodology for systematic review as per Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines which can be accessed on prisma-statement.org.

Search for existing literature in Medline (via PubMED) and EMBASE (via OVID) databases with the keywords: < “infective endocarditis” AND “risk score” > from inception until May 2021. Records were independently assessed by two separate reviewers and cross-referenced with the senior reviewer in order to reach concordance. Reference lists from relevant studies were also analyzed for suitable research titles.

Studies included involved scoring systems intended to guide treatment during the acute care of adults with IE, such as the need of surgical intervention. Publications which included risk score analysis and assessment were included. The area under the receiver operating characteristic curve (AUC/ROC) for each risk score with details of patient cohorts and their corresponding data were extracted for each paper. AUC compares the sensitivity (true positives) with the specificity (false positives), thus assessing performance and determining accuracy of the multi-factor risk scores (6). Studies describing development only, development and validation and validation only were all included in the review. Studies comparing different scores when applied to new populations were included. Studies reporting non-validated risk scores were also included.

Studies of pediatric or congenital populations, analysis of timing of surgery for IE, assessment of dental practice, case reports and literature reviews were excluded from the review. Studies of scoring systems designed to aid the diagnosis, investigation or prevention of IE were excluded. Research that was only represented by a conference abstract were excluded due to lack of detail for comparison purposes.

Data were extracted according to a structured protocol and included patient demographics, clinical covariates, microbiological results and imaging criteria. Reported outcomes were documented, including mortality and morbidity numerators. Details of risk score assessment, by means of AUC/ROC analysis, were collected and used to qualitatively compare score performance, including sensitivity and specificity where reported.

The scores extracted were individually assessed for risk of bias and applicability to our review using the Prediction model Risk Of Bias Assessment Tool (PROBAST) (7).

Confirmed IE was defined by modified Duke’s Criteria as described by Li et al. (8). The definitions of variables included were the same as those described for the EuroSCORE II model and are elaborated in the tabulated results. Active IE was defined as patients undergoing antibiotic therapy at the time of analysis. Any instance where the definition varied from the above has been described.



Results

A total of 33 studies were included in the qualitative synthesis based on the inclusion criteria (PRISMA Diagram 1). There were a total of 20 relevant scores, with 14/20 being derived from and created specifically for IE populations: Table 1 (3, 9–20). Non-specific scores are tabulated in Table 2 (3, 9–12, 14, 21–27) and include EuroSCORE I and II, Society of Thoracic Surgery (STS) risk score, Ontario province risk (OPR) score, Charlson Co-Morbidity Index and Sequential Organ Failure Assessment (SOFA) scores. STS for IE score was considered with non-specific scores since although IE patients were considered, no IE specific characteristics (such as intra-cardiac abscess) were evaluated.


TABLE 1    Comparison of Risk Scores and their Performance–Risk Scores made for IE populations.
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TABLE 2    Comparison of Risk Scores and their Performance–Risk Scores not specific for IE populations.
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AEPEI, SHARPEN and Cystatin C scores, although made for IE populations, did not include specific variables pertaining to IE such as: micro-organism, embolic events, degree of myocardial/valve damage, abscess formation and large vegetations, although these were evaluated. Discrimination performance was classified depending on AUC: Excellent with AUC 0.9–1.0, good with AUC 0.8–0.9, fair with AUC 0.7–0.8, poor with AUC 0.6–0.7, and very poor with AUC 0.5–0.6 (28).

The scores assessed in this review and corresponding AUC results from different studies are tabulated in Tables 1, 2 (3, 9–28). Of these scores, only six have been externally validated in a separate cohort (3, 12, 14, 17, 18). EuroSCORE I was most often used for comparison, being analyzed in 11 separate studies with a consistently fair performance. EuroSCORE II was reviewed in 10 studies, STS-IE and PALSUSE score were reviewed in nine studies each. STS-IE had an overall fair discrimination performance across studies, with only 3/9 studies with an AUC < 0.7 (11, 21, 25). The PALSUSE score was frequently included in comparative studies but performed overall poorly with an AUC < 0.7 in five of these comparative studies (3, 11, 12, 21, 22).


Statistical methods and selection of variables

The majority of studies identified variables for inclusion in the risk score by multivariate logistic regression analysis. The exception was Park et al. in the development of the simplified risk (or ICE) score, where the variables considered were selected a priori by an experienced cardiologist (17) before analysis for significance. Martinez-Sellis et al. in the development of the PALSUSE score utilized stepwise logistic regression analysis (9).

The number of variables assigned to each score and the variables included have been divided into three broad categories: Clinical variables (patient demographics, co-morbid and acute physiological state); Imaging characteristics (mainly echocardiographic findings); Microorganisms. Figures 1, 2 are graphic representations of the scores within these categories. Variables included for each score are depicted in Supplementary Table 1.
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FIGURE 1
Key components for an Infective Endocarditis Risk Score.
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FIGURE 2
Inclusion of key criteria in IE-specific risk scores currently available.


Of the IE-specific scores, 7/14 included microbiology criteria: Four studies considered a positive blood culture and four considered the presence of Staphylococcus aureus within their score. ICE score included both, as well as the presence of “Viridans streptococci.” The scores which did not include microorganisms in their model (De Feo, RISK-E, AEPEI I and II, COSTA, SHARPEN, MELD-XI, and CYSTATINC) had access to microorganism data for their patient set; however, the microorganism was not found to be a significant factor in univariate and multivariate analysis and was subsequently excluded from their model.



Discrimination performance

Good discrimination performance of the following scores PALSUSE, De Feo, ANCLA, RISK-E, EndoSCORE, COSTA, and SHARPEN, were only identified in the studies proposing the score and most often in the derivation cohort. In follow-up, validation and other comparative studies, this result was not replicated. The only score to repeatedly score an AUC > 0.8 was the ANCLA score which was included in only two studies by the same first author.

EuroSCORE I, II, and STS-IE were most frequently used for comparison purposes with a fair performance (AUC 0.7–0.8). Relative difference between the best and worst AUC estimates for each score ranged from 15 to 34%. Many of the scores performed fairly (AUC 0.7–0.8) when compared in other studies. As expected, the performance was below that described in the original derivation cohort studies for these scores (Tables 1, 2).



Calibration and model performance

Inter-model comparisons were provided for 14 studies: Hosmer-Lemeshow Test Statistic was used in 10 reports, Calibration slope provided in two studies and U statistic in one study. In the majority of calibration studies, the risk scores analyzed were found to be adequately calibrated.

The EuroSCORE II was found to have inaccurate calibration in one study (24) which authors attributed to the lack of specific IE factors in the score, however; in the same study, EuroSCORE I (lacking the same IE-specific factors) had adequate calibration. The Brier score, analyzing the difference between prediction and actual outcome, with a result of 0 being perfect, has been utilized in only one study proposing the EndoSCORE, quoting a Brier score of 0.078 (13).



Outcome selection bias

Long-term outcome data for IE patients is often unavailable. The majority of studies considered in-hospital mortality or mortality within 30 days as the primary end-point (3, 9–14, 16, 19, 22–25, 28), some interchangeably. Other end-points included 6-month mortality (17), urgent surgery OR in-hospital mortality (18) and long-term mortality of 29 months (19) and 5 years (20).

The different population cohorts assessed are specified in Tables 1, 2. While all studies defined IE using the modified Duke’s criteria, some opted to only include patients with active IE. Only seven studies included medically managed patients (15–17, 19, 20, 22, 27), with others including surgical patients only. ICE, SHARPEN, Modified MELD-XI, Cystatin C, and COSTA scores were developed from cohorts with both medical and surgical patients. The COSTA score performed poorly when later applied to a surgical cohort (24). The ICE score maintained fair discrimination performance when applied to an exclusively medically treated cohort (22). Furthermore, only three papers included patients with implantable cardiac devices (3, 20, 22).



Overall risk of bias

In the PROBAST assessment (Supplementary Table 2), the majority of studies were found to have high risk of bias in participant choice due to the specific populations considered (e.g., surgical patients only, native valve only etc.). This systematic review aims to encompass scores that incorporate the whole of the IE population if possible. The simplified risk score (ICE) is the score with the least risk of bias; however, it is one of the few scores assessing a long-term outcome of 6 month mortality rather than in-hospital or 30 day mortality, making it difficult to compare with the other scores available. Moreover, it has over double the variables of the other scores, making it less user-friendly.




Discussion

This systematic review has highlighted important limitations that preclude the transportability of published risk-scores to various IE groups in different healthcare settings and regions. The challenge with risk stratification and accurate prognostication in IE is largely due to the heterogenous patient population affected. The majority of scoring systems identified address the issue of surgical risk, therefore being unable to estimate mortality risk for medically treated populations.

The IE patient is now wholly different from the one 30 years ago. Percutaneous vascular interventions have become more commonplace, as have the number of cardiac implantable devices. IE associated with cardiac devices has been reported in up to 7% of cases (29), coinciding with a rise in staphylococcal infections (4). There is also an increase in prosthetic valve endocarditis. These under-represented groups of patients are often excluded from the outset in the development cohorts for predictive scoring.

The prevalence of intravenous drug users presenting with IE is also on the rise, with cases doubling between 2008 and 2014 (30). They tend to be younger, more acutely unwell patients, with infection caused by gram-positive pathogens (31).


Clinical impact of IE risk-scoring

Infective endocarditis remains a highly morbid and highly fatal condition, in spite of advances in imaging, improvements in microbiological testing, antibiotic therapy and surgical treatment. Ideally scores should be available within 48–72 h of patient admission into hospital, to guide early management decisions. Lopez et al. only examined variables available within 72 h of admission (18). Possible routes of infection are multiple, with data available at different time-points and not necessarily standardized for all patients. Number and frequency of blood cultures taken may vary, as well as access to trans-thoracic/trans-oesophageal echocardiography (TTE/TOE).

Recent EURO-ENDO registry data showed that for patients in which surgical intervention was found to be necessary, 22.5% died before surgery could be performed (2). This highlights the need for quick and effective decision making which would be significantly easier with a reliable risk tool. Pooling of different IE groups may allow differentiation of risk between the groups within the tool.

Surgical intervention is often carried out as an emergency or urgent procedure after evidence of embolization, heart failure or in the presence of uncontrolled infection (32). This is a complex decision with surgery in the active phase often associated with significant risk. For example, patients with new neurology may experience peri-operative cerebral bleeding with early cardiac surgery intervention. There is variation between studies in the definition of “early surgery” and the results are inconclusive (33). The heart team meeting is essential in making decisions about timing of intervention and while it is beyond the scope of this review, risk-scoring has the potential role in guiding a more accurate selection process toward optimal timing of surgery.



Validity of risk scores

The ideal risk score should have easily measurable parameters which are comparable across centers (13), clear definitions of predictive parameters and outcomes to ensure widespread use, as well as generalisability to future patients and transportability to other data-sets/patients, determined through a robust validation process (34, 35). Predictors should be easy to collect and the result of cheap and non-invasive testing (36).

Only 6 of the 14 IE-specific scores proposed have undergone formal external validation, limiting their transportability. The absence of externally validated scores has been highlighted multiple times in the literature and analysis of the European IE-Registry (EURO-ENDO) was proposed to achieve this aim (28). Despite the lack of external validation, many scores have been frequently re-assessed in separate studies with different cohorts.

Comparison of the AUC/ROC for the same score between studies allows for understanding of model performance in different IE groups. De Feo score performed poorly in most comparative studies (11, 22–24, 28); however, this score was derived from a small specific cohort of patients with left-side only native valve endocarditis (10), which may explain the inaccurate results when applied to different populations. In addition, it was developed for patients treated from 1980 to 2009. As can be expected, the management of patients in 1980 would have differed significantly from that in 2009, as has the nature of the disease.

EuroSCORE I and II had the least favorable performance in the study by Wang et al. (25), potentially due to the very young average age of their study group (48.8 ± 16 years). There is likely to be an increased significance of the specific IE variables in this young age bracket, which are not included in the EuroSCOREs.

Less than 50% of studies carried out model calibration or performance assessment. Model calibration assesses congruence between model prediction and observed outcome (37). The power of Hosmer-Lemeshow “goodness-of-fit” test increases with sample size and its interpretation in small cohorts such as these, may be inaccurate (38). The use of newer, more advanced methods of performance assessment, such as Brier scoring are known to support risk score use in the clinical setting (37). This should be emphasized going forward, to allow for detailed comparative studies between available scores.



Prioritization of variables

A fundamental drawback in 7/14 IE specific risk scores is the absence of microbiology from the predictive models. In contrast, the literature demonstrates Staphylococcus aureus to be the most common causative microorganism in IE worldwide (39) with strong evidence to suggest its association with worsened morbidity/mortality. ESC guidelines highlight positive blood cultures at 3 days of antimicrobial treatment as an independent risk factor for in-hospital death (5). Investigations vary in different centers and risk scores may standardize this process (e.g., frequency of blood cultures).

Two scores missing microbiology predictors (AEPEI, COSTA) included patients with non-active IE (not undergoing antibiotic treatment at the time of analysis/surgery) at rates of 28.5 and 36%, respectively. The effect of the causative microorganism in patients outside the active phase of IE may be less relevant to outcome and may be the reason for lack of significance in these patient groups.

The PALSUSE score includes EuroSCORE II >10 as a variable. This is a potential confounding factor due to age, gender and urgency of surgery being variables in both PALSUSE and EuroSCORE II, therefore doubling the effect of these variables (9).

Biomarkers feature in only three scores in this review (16, 19, 20), with the most commonly used being C-reactive protein (CRP) of different values. CRP has been found to be an independent predictor for worse outcomes in IE, including an increased risk of embolic events (40), surgical intervention (41), and in-hospital mortality (42). In addition, improvement in CRP was a good predictor of long term outcomes (41).

Furthermore, biomarkers such as sensitive troponin I, interleukin-15 and C-C-chemokine-ligand-4 have been shown in separate studies to predict mortality in IE patients; however, this data is limited to small cohorts (43, 44). The inflammatory response in IE is well documented and is different to other infections (43). Mapping of pro-inflammatory cytokines may be key in risk stratification models to guide early decisions for more aggressive treatment, including surgical intervention.



The effect of novel diagnostic/treatment on risk-scoring

Developing surgical techniques may have a significant impact on prognosis. Destruction of both the aortic and mitral valves is one of the more challenging presentations of IE; however the “commando” procedure with reconstruction of the aortic-mitral curtain and replacement of both valves has been performed with good results (45). Due to small patient samples for major surgical reconstruction, it is difficult to assess the impact of novel procedures on risk.

Improved patient outcomes have been repeatedly shown for specialized high-volume centers; however, this has not yet been explored for IE patients. Involvement of multiple valves has nonetheless been reflected in some models (13, 14).

Echocardiography is a key tool for prognostication in IE, as reflected in multiple guidelines. The advent of 4D-echocardiography and TOE (pre and intra-operatively) has allowed for detailed understanding of intra-cardiac damage secondary to infection (46). Destructive valve lesions, abscesses and vegetations (with embolization risk) can be identified and are crucial for surgical planning (46).

The use of computed tomography (CT) and F-fluorodeoxyglucose positron emission tomography (PET) has increased particularly for prosthetic or device-related IE; however, regional differences are evident with their use being more common in Western Europe (2). Novel imaging techniques may be incorporated into risk scoring systems for IE and recommendations for use may be found in the ESC guidelines (5).



Population bias and other limitations in available risk scoring models

Patients with IE undergoing surgery (vis-à-vis most published risk scores) may have a survival advantage as they are already deemed fit for surgery and/or have survived to surgery. There was a particularly high mortality rate reported in the EURO-ENDO registry for patients with indications for surgery who did not undergo surgery (2).

On the flip side, patients may be “too-well” to require surgery due to minimal intra-cardiac destruction and effective response to medical management. Published risk scores fail to capture “antibiotic responders,” especially since they are often managed outside tertiary centers. This effect has been highlighted previously and many risk scores, when tested on medical IE patients NOT considered for surgery, fared quite poorly (22).

Advanced model performance assessment is often missing and the majority of scores have not been externally validated. The limitation of these scores are an extension of the constraints within the studies that propose them. The recurring stumbling blocks include small groups of patients, collected over long time-spans; heterogeneous populations (e.g., left-sided IE, exclusion of cardiac devices, and medical patients) with a focus on tertiary centers, creating a referral bias; single center or regional studies which may not be applicable elsewhere; retrospective analysis (including of prospectively collected data) with certain variables often missing; definition of variables inconsistent across studies and analysis of short-term outcomes with a consistent lack of long-term data.

The lack of long-term data is a significant draw-back, with the majority of the papers reviewed here considering 30 day or in-hospital mortality as the end-point or primary outcome. There is limited data to understand what survival and morbidity, or even quality of life, is like beyond this date. The MDT is still unable to guide patients toward reasonable expectations of what their recovery might involve.

Moreover, it has proved difficult to capture the impact on patient outcomes as a result of delay in diagnosis, time to initiation of treatment and time of referral to specialized care in tertiary centers. The point of referral to an MDT is heterogenous across populations and difficult to assess. This emphasizes the need for a standardized prospective registry encompassing data from the initial clinical presentation to the end of the patient journey and recovery. The implementation of artificial intelligence has not yet been explored in endocarditis patients. This may identify critical negative prognostic signs through imaging and cytokine response, creating personalized risk models.




Conclusion

In conclusion, despite the multitude of available IE risk-scores, the lack of adequate score validity limits their clinical utility and widespread applicability in this important group of patients. Being a highly morbid condition with a multifactorial pathophysiology and a heterogenous patient population, the accumulation of large sets of real-world data from future coordinated registries including novel biomarkers will produce more robust prediction models. Future registries should also encompass populations with much wider inclusion criteria and more refined classification systems, thus improving patient-specific prognostication. Improved risk scores will have the potential to empower MDTs with an objective stratification tool to guide management in patients with IE, as well as allow for key comparative studies and improved management strategies for IE.
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Backgrounds: The goal of this study was to assess the impact of neutrophil count, in patients with acute type A aortic dissection (ATAAD).



Methods: This study retrospectively collected data from patients between September 2017 and June 2021. Youden's index was used to determine the optimal cut-off value for the neutrophil count and patients were divided into two subgroups. A restricted cubic spline (RCS) was used to model the relationship between variables and in-hospital mortality. The least absolute shrinkage and selection operator (LASSO) method and multivariate logistic regression analyses were used to investigate the independent prognostic factors for in-hospital mortality in patients with ATAAD.



Results: A total of 467 patients were enrolled in this study. In-hospital mortality was 7.28%. The group with elevated neutrophil counts had significantly higher mortality than the group with decreased neutrophil counts (10.8% vs. 3.2%, P = 0.02). This data shows that elevated neutrophil count was significantly associated with in-hospital mortality (OR 3.07, 95% CI 1.22–7.62, P = 0.02).



Conclusions: Neutrophil count is an independent risk factor for in-hospital mortality in patients with ATAAD. It is an effective inflammatory index, which can be individualized for patients.
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inflammation, neutrophil, mortality, type A aortic dissection, NLR





Introduction

Aortic dissection, with its high mortality rate, is a rare and lethal disease. The dissection of the aorta allows blood to flow between the layers of the aortic wall, forcing the layers apart (1). Acute type A aortic dissection (ATAAD) accounts for 58%–62% of aortic diseases (2).

Inflammation plays a crucial role in the pathogenesis and progression of cardiovascular disease (3). White blood cell (WBC) count and C-reactive protein (CRP), which are useful and easily available through routine blood tests, are commonly used biomarkers in cardiovascular disease, including ATAAD. Neutrophils make up 50%–70% of circulating WBCs and are an important inflammation factor. With the aggravation of inflammation, the number of neutrophils circulating in the blood rapidly increases. Recent findings indicated that neutrophil accelerated atherosclerosis promoted atherosclerotic plaque instability, and aggravated ischemic stroke (4, 5). The abundance of neutrophils destroys the aneurysmal vessel wall, thereby promoting progressive enlargement and rupture (6).

Despite recent findings, the specific association between neutrophils and the endpoint of patients with aortic dissection remains unclear. This study aimed to assess the impact of neutrophil count in patients with acute type A aortic dissection and focus on whether neutrophil counts have potential value for early detection in patients with ATAAD, and determine if they can aid in identifying patients at increased risk of mortality.



Methods


Study setting

A series of consecutive patients enrolled in this retrospective study were admitted to the hospital from September 2017 to June 2021. The inclusion criteria were as follows: 1. All the patients were diagnosed with ATAAD by computer tomography; 2. Patients were ≥ 18 years of age; 3. Routine blood tests were evaluated within 2 h of admission; 4. All patients underwent surgery within 4 days of admission.

This study was approved by the Ethics Committee of Guangdong Provincial People's hospital.



Data collection

All clinical information, including demographics, admission laboratory results, operative information, and clinical results, were collected from the hospital's medical record system. Admission laboratory tests, including routine blood tests and metabolic profiles, were run within 2 h of arrival to the emergency room. Operative information was collected including cardiopulmonary bypass time (CPB), coronary artery bypass graft (CABG), aortic cross-clamp time (ACC) and whether patients underwent a Bentall procedure. All data from our study were used without a priori sample size calculations. And all null value data in the data set were deleted to ensure validity.



Endpoint

All-cause deaths during hospitalization were defined as the primary endpoint of study. Gastrointestinal bleeding, paraplegia, acute kidney failure, chest reopening, low cardiac output syndrome, cerebrovascular accident, multiple organ dysfunction syndrome (MODS) were also included as the secondary endpoint.

Acute kidney failure was defined as Serum creatinine increased by >3 times the baseline values, GFR decreased by >75%, oliguria: urine output <0.3 ml · kg−1 · h−1 for 24 h, or anuria >12 h or requiring temporary hemodialysis support for resolution (7). Low cardiac output syndrome was defined as large doses of vasoactive drugs with signs of hypoperfusion of tissues, requiring intra-aortic balloon pump insertion or requiring extracorporeal membrane oxygenation support.



Statistical analysis

Continuous variables are summarized as the mean ± standard deviation and median (inter-quartile range). Categorical variables are summarized as frequency rates and percentages. The differences between the two groups were compared using Student's t-test, Mann-Whitney U test, and χ2 tests.

The Kaplan-Meier method was used to construct the survival curve. Receiver operating characteristic (ROC) curves were constructed, and the area under the curve (AUC) was assessed for analyzing the prognostic value. The continuous variables of laboratory results are determined by Youden's index, which is helpful to determine the optimal cutoff values for dividing subjects into subgroups. A restricted cubic spline (RCS), with three knots at 25th, 50th and 75th, was used to assess the non-linear relationship between neutrophil count and in-hospital mortality.

The least absolute shrinkage and selection operator (LASSO) method was performed. LASSO regression is known to be able to remove unimportant variables via the regression coefficients penalizing the size of the parameters (8). Tuning parameter (λ) selection in the LASSO model used 10-fold cross-validation via minimum criteria. And then, variables with non-zero coefficients in the LASSO-logistic analysis were selected for further stepwise logistic regression analysis. Calibration plot was used to represent perfect prediction that model-predicted probability matches actually observed probability. Clinical utility was estimated by decision curve analysis (DCA). In our study, a two-sided P-value of < 0.05 was considered to be significant. Stata software (StataCorp, United States) and R software were used for statistical analysis.




Results

From September 2017 to June 2021, a total of 477 consecutive patients were included in our study. 10 patients were excluded by the inclusion criteria. The clinical characteristics of all patients are presented in Table 1. 394 (84.37%) patients were male, and the mean age of all patients was 52.0 ± 10.59.


TABLE 1 Baseline characteristics of clinical data in patients.
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Clinical characteristics of patients

Patients were divided into a survivor group (n = 433) and a non-survivor group (n = 34). The age in the survivor group was younger than in the non-survivor group (51.74 ± 10.49 vs. 56.09 ± 11.12, P = 0.02). Hypertension (P = 0.03), and CABG procedures (P < 0.01) were more commonly found in the non-survivor group. Patients had longer CPB and ACC time (P < 0.01), higher neutrophil to lymphocyte ratio (NLR; P < 0.01), and higher neutrophil counts (10.12 ± 3.67 vs. 11.70 ± 2.98, P = 0.01) in the non-survivor group. There were no significant differences between the two groups in other measured variables (Table 1).



Neutrophil count and endpoints

Youden's index was used to determine the optimal cut-off value for the neutrophil count, and then, patients were divided into two subgroups: the decreased neutrophil group (≤9.59 × 109/L), and the elevated neutrophil group (>9.59 × 109/L). As shown in Table 2, the elevated neutrophil group (>9.59 × 109/L) patients were more likely to present with death (P < 0.01), gastrointestinal bleeding (P = 0.04) and low cardiac output syndrome (P = 0.02) than the decreased neutrophil group patients. There were no significant differences between two groups in other endpoints.


TABLE 2 The endpoints of the different neutrophil groups.

[image: Table 2]

Total in-hospital mortality was 7.28%. The in-hospital mortality rate was 10.8% in the elevated neutrophil group and 3.2% in the decreased neutrophil group. Figure 1 shows that the cumulative probability of the overall survival between the two groups was statistically significant, with patients in the elevated neutrophil group having a higher rate of in-hospital mortality. A restricted cubic spline was used to model the non-linear relationship between the neutrophil count and in-hospital mortality. As shown in Figure 2, the neutrophil count was the risk factor for in-hospital mortality when 9.9–16.4 × 109/L.


[image: Figure 1]
FIGURE 1
Kaplan-Meier analysis for in-hospital mortality by different neutrophil counts. The survival difference was significant (P = 0.015).



[image: Figure 2]
FIGURE 2
Restricted cubic splines of neutrophil count and in-hospital mortality. (P non-linear = 0.023).




Logistic regression methods

LASSO analyses were performed to evaluate the risk factor of in-hospital mortality in patients with ATAAD using 10-fold cross-validation (Table 3). LASSO regression showed log (λ) = 0.0077 when the error of the model is minimized, and 12 variables (gender, age, smoking, hypertension, diabetes, CABG, CPB, ACC, neutrophil count, NLR, creatinine) were selected with non-zero coefficients for further analyses (Figure 3).


[image: Figure 3]
FIGURE 3
LASSO regression showed log (λ) = 0.0077 when the model error was minimized, and 12 variables were selected for further logistic regression analysis.



TABLE 3 Risk factors selected by the LASSO-logistic regression model.
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Multivariate logistic regression analysis then incorporated factors that were selected in the LASSO analyses (Table 4). In the model, elevated neutrophil counts (OR 3.07, 95% CI 1.22–7.62, P = 0.02), CABG (OR 9.54, 95% CI 3.47–26.20, P < 0.01), elevated serum creatinine (OR3.06, 1.23–7.62, P = 0.02) and ACC time (OR 1.01, 95% CI 1.00–1.02, P < 0.01) were significant independent risk factors for in-hospital mortality in patients with ATAAD.


TABLE 4 Multivariate stepwise logistic regression analysis of risk factors selected by the LASSO-logistic model.

[image: Table 4]

The ROC curve analysis of model was shown in Figure 4, and the AUC is 0.824. Calibration plot of the model that represents perfect prediction that model-predicted probability matches actually observed probability was shown in Figure 5. As shown in Figure 6, the DCA for mortality in the nomogram of the model was built. When the threshold probability of occurrence of in-hospital mortality was around 0.02 to 0.62, the net benefit level of nomogram is obviously higher than that of “treat all” and “treat none”, which indicates that the nomogram has good clinical applicability.


[image: Figure 4]
FIGURE 4
Receiver operating characteristic (ROC) curves of the multivariate logistic regression.



[image: Figure 5]
FIGURE 5
Calibration plot of the model that represents perfect prediction that model-predicted probability matches actually observed probability.



[image: Figure 6]
FIGURE 6
Decision curve analysis of the model.




Discussion

Aortic dissection is a very serious health condition, and timely diagnosis is crucial to saving lives. Neutrophil count is a classical biomarker of inflammation and a central player during acute inflammatory responses. Our findings helped to individualize the patients and may help to reduce in-hospital mortality of patients in the future.

Mechanical injury induced the expression of neutrophil chemoattractant (9). The release of inflammatory factors enhances the inflammatory reaction of the adventitia following the onset of ATAAD, leading to further dissection of the aorta and rupture of the dissection (10, 11). In-hospital mortality was 7.28% in our study. A former study reported that the mortality rates among ATAAD patients who do not receive surgical treatment can reach 30% within 48 h, proving that surgery is still a crucial method to treat patients. When the patient was diagnosed with acute type A aortic dissection, we will arrange surgery for the patient as soon as possible to reduce the impact of the surgery intervention time on the patient. A previous study has proven that elevated levels of inflammatory markers are predictive of cardiovascular events (12). It may be due to injury that a large number of inflammatory factors are released, causing the increase of central granulocytes. The main finding of this study was that elevated neutrophil count was an independent risk factor for in-hospital mortality (P = 0.02). Our study also found that gastrointestinal bleeding and low cardiac output syndrome were more common in patients with the elevated neutrophil count. Therefore, neutrophil plays a key role in the development of AD. The increase in the number of neutrophils should be a warning. When the patient's neutrophil number increases fast, the health system will issue an alarm indicating a critical value, which will help to improve clinical vigilance.

WBC count is the most commonly used blood parameter for many medical conditions. Ma et al. found that WBC > 11 × 109/L was an independent risk factor for mortality in ATAAD patients (OR = 3.10, P < 0.01) (13). Our research showed that there was no significant difference in the WBC counts of patients between the survivor and non-survivor groups (P = 0.21). This study found that neutrophil count was greatly different in the survivor and non-survivor groups. As a cost-effective and convenient measurement, neutrophil count is a more representative and sensitive inflammation biomarker than NLR and WBC count in this study. NLR and PLR are emerging biomarkers with the combination of hemostatic and inflammatory pathways, which are regarded as potential biomarkers to predict outcomes of cardiac patients. Previous studies have reported the association between NLR, PLR, and in-hospital mortality in patients with cardiovascular diseases, including heart failure, acute coronary syndrome, etc (14–16). A study by Karakoyun et al. showed that elevated NLR may predict in-hospital mortality in patients with ATAAD (15). However, we did not find it to be a risk factor for in-hospital mortality after building a multivariate logistic regression model. Therefore, there was not sufficient evidence to indicate a better predictive value of NLR over neutrophil count in this study. Whether NLR can be a predictive biomarker need further investigation.

RCS found that when neutrophil <9.9 or >16.4 × 109/L, it was not the risk factor for in-hospital mortality. The whole curve is approximately C-shaped. Some patients not only suffered from extensive aortic injuries, but also may suffer from stress reactions, which resulted in an abnormal increase of neutrophils that can't predict the patient's physical condition well.

The multivariate regression model showed that ACC time (OR 1.01, 95% CI 1.00–1.02, P < 0.01) and CABG surgery (OR 9.54, 95% CI 3.47–26.20, P < 0.01) were significantly related to in-hospital mortality. Although CPB was selected in the LASSO analyses, it was not selected in multivariate logistic regression analyses, and it was still of great significance to prognosis. Some previous studies have illustrated that longer CPB time was associated with a greater possibility of suffering from adverse events in ATAAD patients (OR = 1.01) (17). Shorten CPB and ACC time, reduce organ ischemia-reperfusion injury, and improve the prognosis of the aortic disease. CABG surgery is a high-risk procedure, and postoperative complications can result in significant morbidity and mortality (18). Patients with overlapping surgery facing higher risks may have poorer prognoses.

This research had some limitations. First, it's a single-center retrospective study which undermines statistical power. Therefore, external validation of patients from other hospitals is needed. Secondly, detailed information about timing of intervention is not available in our study, which may have an effect on the results. Finally, the changes in neutrophil counts in acute and chronic patients need further study. Further research is needed to apply this prediction model in clinical practice.




Conclusion

Based on our research, neutrophil count is independently associated with in-hospital mortality in patients with ATAAD, which is an effective indicator of inflammation and has the potential to help surgeons make decisions regarding treatment strategy going forward.
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Objective: Processed electroencephalography (pEEG) is used to monitor depth-of-anesthesia during cardiopulmonary bypass (CPB). The SedLine device has been recently introduced for pEEG monitoring. However, the effect of hypothermia on its parameters during CPB is unknown. Accordingly, we aimed to investigate temperature-induced changes in SedLine-derived pEEG parameters during CPB.



Design: Prospective observational study.



Setting: Cardiac surgery operating theatre.



Participants: 28 patients undergoing elective cardiac surgery with CPB.



Interventions: We continuously measured patient state index (PSI), suppression ratio (SR), bilateral spectral edge frequency (SEF) and temperature. We used linear mixed modelling with fixed and random effects to study the interactions between pEEG parameters and core temperature.



Measurements and main results: During CPB maintenance, the median temperature was 32.1°C [interquartile range (IQR): 29.8–33.6] at the end of cooling and 32.8°C (IQR: 30.1–34.0) at rewarming initiation. For each degree Celsius change in temperature during cooling and rewarming the PSI either decreased by 0.8 points [95% confidence interval (CI): 0.7–1.0; p < 0.001] or increased by 0.7 points (95% CI: 0.6–0.8; p < 0.001). The SR increased by 2.9 (95% CI: 2.3–3.4); p < 0.001) during cooling and decreased by 2.2 (95% CI: 1.7–2.7; p < 0.001) during rewarming. Changes in the SEF were not related to changes in temperature.



Conclusions: During hypothermic CPB, temperature changes led to concordant changes in the PSI. The SR increased during cooling and decreased during rewarming. Clinicians using SedLine for depth-of-anesthesia monitoring should be aware of these effects when interpreting the PSI and SR values.
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Introduction

Both excessive as well as insufficient anesthesia depth may be associated with worse perioperative outcomes. Excessive anesthesia depth may be associated with the development of delirium, hemodynamic instability, prolonged intensive care unit (ICU) stay and long-term cognitive dysfunction. Conversely, insufficient anesthesia may be associated with the development of delirium, post-traumatic stress disorders, excessive circulating catecholamines and, in worst-case scenarios, intraoperative awareness (1).

Accordingly, monitoring for adequate depth of anesthesia during procedures requiring neuromuscular blockade is recommended by current guidelines, especially when total intravenous anesthesia is used (2). In patients undergoing cardiac surgery, the risk of awareness is considered particularly possible high during cardiopulmonary bypass (CPB) because conventional clinical parameters used to assess depth of anesthesia (i.e., heart rate and blood pressure) are profoundly altered by CPB, aortic cross-clamp and induced cardiac arrest (3–5). This has made the use of depth-of-anesthesia monitoring desirable.

Several depth-of-anesthesia monitoring devices are commercially available (6, 7). These devices obtain continuous, non-invasive processed electroencephalogram (pEEG) signals using adhesive gel electrodes placed on the forehead. The signal is subsequently amplified, filtered and processed through proprietary algorithms to provide a final index of anesthesia depth, as well as other indices such as burst suppression ratio (SR), electromyographic activity, and indices of signal quality (6, 8). Among such devices, the SedLine device (Masimo, Irvine, CA, USA) is one of the most recently introduced (7, 9). However, although some studies have shown that, in patients undergoing cardiac surgery, changes in temperature during CPB can independently affect the bispectral index (BIS) (10–13), there are no available data on the effect of temperature on SedLine-derived parameters.

Accordingly, we conducted a prospective observational study in patients undergoing cardiac surgery to investigate whether and to what extent changes in temperature during CPB affect SedLine-derived parameters.



Methods

This was a single-centre, prospective, observational study performed on adult patients undergoing cardiac surgery requiring CPB in a teaching hospital in Australia. The study was approved by the institutional ethics committee (Austin Health Ethics Committee, Project No.: Audit/19/Austin/59). As the use of SedLine to monitor the depth of anesthesia was the standard of care in our institution, informed consent was waived because of the observational nature of the study.


Inclusion and exclusion criteria

We included adult patients (i.e., over 18 years of age) who underwent elective cardiac surgery with planned use of CPB. We excluded patients if their procedure was planned to be off-pump, or if they had known baseline electroencephalography (EEG) alterations, pre-operative cognitive impairment or intellectual disability, a history of epilepsy, or a suspected or confirmed pregnancy.



Anesthesia and cardiopulmonary bypass management protocol

All procedures were performed under general anesthesia. In all patients, monitoring included 5-lead electrocardiogram, pulse oximetry, invasive arterial blood pressure, central venous pressure, pulmonary artery pressure and cardiac index (obtained with a pulmonary artery catheter), body temperature (bladder temperature), diuresis and transesophageal echocardiography. Depth of anesthesia was monitored with SedLine in all patients. Regional cerebral oximetry was monitored at the discretion of the attending anesthesiologist. The anesthetic regimen was at the discretion of the attending anesthesiologist. However, in all cases, anesthesia was maintained with an intravenous continuous propofol infusion during CPB.



Technology

Processed EEG was recorded using the Next Generation SedLine® Brain Function Monitoring device (Masimo, Irvine, CA, USA). The depth-of-anesthesia parameter displayed by SedLine is the Next Generation Patient State Index (PSI), a dimensionless index of sedation depth ranging from 0 to 100 (with 0 indicating a deeply sedated patient with an isoelectric EEG and 100 a fully awake patient), elaborated through a proprietary algorithm (7, 9). Additionally, the SedLine monitor displays two bilateral raw EEG traces, bilateral density spectral array and spectral edge frequency (SEF) (14), the burst suppression ratio (SR), the percentage of artefacts detected by the device as a measure of signal quality, and electromyographic (EMG) activity.



Data collection and data cleaning

In all patients, SedLine monitoring was started on arrival in the operating theatre before the induction of anesthesia and then discontinued at skin closure before transferring the patient to the ICU. The SedLine device recorded all parameters at 2 s intervals. All SedLine-derived data were downloaded from the device immediately after surgery.

Temperature data obtained through the nasopharyngeal or bladder probe were automatically recorded every 20 s on the CPB machine software and downloaded at the end of the procedure. The CPB machine also automatically measured and recorded data on PaO2, PaCO2 and hemoglobin every 20 s. Additionally, one of the investigators manually recorded SedLine and temperature data on a case report form every 10 min to allow for a check of data accuracy.

In addition to SedLine and temperature data, baseline characteristics, the type of procedure, the duration of CPB and aortic cross-clamp, and outcome data were also recorded.

These data were subsequently merged into one electronic data sheet for each patient using Microsoft Excel, version 1911 (Microsoft, 2019, USA). According to the recorded event marks, the data on hypothermia induction, maintenance and recovery phases were separated and merged into another database. Before data analysis, all recordings were reviewed by two investigators to check for data accuracy and possible outliers. Using the scatter plots of each pEEG value against time or core temperature, a visual check was performed for artefact values with recorded artefact levels as reference. After manual trimming, all starting time points were set to zero. For the SR, all recorded values of zero were removed.



Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows, version 23 (IBM, 2015, Armonk, NY, USA) and R, version 3.6.1 (R Development Core Team, 2018, Vienna, Austria). A normality test was performed for continuous variables, and, when the normality assumption was violated, a non-parametric statistical method was applied. Descriptive statistics were used for demographic data presentation.


Linear mixed modelling with fixed and random effects

Considering general concepts concerning EEG and hypothermia, we presumed that, at a certain point, all pEEG values would converge into one point as the core temperature decreased (15). At the start of CPB, each patient had a various core temperature and their own pEEG value. The target temperature of hypothermia was also varied individually, as was the duration of hypothermia according to the type of surgery. Additionally, the patient's response to lowering their core temperature could vary.

Therefore, to evaluate the effect of hypothermia on the pEEG at the different hypothermia targets, we performed a visual check of each patient's pEEG response over the measured time points. We hypothesized that the response of the pEEG to the lowering, maintaining, or increasing of the patient's core temperature would follow random slopes (i.e., each patient would have their own response) and converge into one point (i.e., we presumed a fixed intercept where the core temperature was 0°C). With this assumption, and the results of a visual check for the linear relationship between the pEEG and the core temperature of each patient, we evaluated the linear mixed model with random slope–effects between the pEEG and the core temperature during hypothermia induction and recovery periods.

For hypothermia induction and recovery periods, the major variation was the core temperature, which was measured every 20 s. We prespecified a linear mixed model with random effects for the core temperature for both periods. During the maintenance period, the core temperature was maintained within a narrow range, and the main variation was the duration of hypothermia. To evaluate the effect of hypothermia duration on the pEEG for this period, we used a linear mixed model with random effects by time instead of core temperature.

Given the differences in the responses of individual patients and in the values of pEEGs at the beginning of hypothermia maintenance, the random effects were considered for both the slope and intercept for the linear mixed-effects model during the hypothermia maintenance period. Unstructured covariance was used for random effects. The whole model was evaluated for fitness with −2 restricted log-likelihood and Schwarz's Bayesian criterion. A Type III sum of squares was used for fixed-effects evaluation. The variances of covariance parameter estimates were also tested with the Wald Z-test to evaluate the random effect between subjects.



Association between PSI values and postoperative complications

PSI values were divided into three different categories: <25 (deep anaesthesia), 25–50 (optimal anaesthesia depth), and >50 (light anaesthesia), as recommended by manufacturer (7, 9). During CPB (from pump-on to pump-off), the relative duration of each PSI level (>50, 25–50, <25) was identified and expressed as percentage of time over the total CPB duration.

Spearman/Pearson correlation analysis was performed according to the characteristics of the outcome variables.





Results

Between 11 June and 29 July 2019, a total of 54 patients underwent cardiac surgery with CPB. Of these, 21 were excluded due to the unavailability of research personnel to collect complete intraoperative data, one was excluded as an emergency case, two were excluded due to exclusion criteria, and two were excluded due to technical failure in data recording by the CPB machine. Therefore, the remaining 28 patients were included in the analysis.


Characteristics of the participants

The median duration of analyses was 2,380 s (IQR: 1,645 s–3,365 s), 4,160 s (IQR: 1,790 s–6,155 s) and 1,520 s (IQR: 1,260 s–2,085 s) for the hypothermia induction, maintenance and recovery periods, respectively. The total included time was 74,000, 125,760 and 48,460 s for the induction, maintenance and recovery periods, respectively. Patients' baseline and procedural characteristics are summarized in Table 1.


TABLE 1 Patients’ characteristics.
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The median core temperatures measured during CPB were 35.2°C (IQR: 34.7°C–35.6°C) and 32.7°C (IQ: 30.4°C–34.0°C) at the start and end of the hypothermia induction period, respectively (Wilcoxon signed-rank test, p < 0.001). During the maintenance period, the core temperatures were 32.1°C (IQR: 29.8°C–33.6°C) and 32.8°C (IQR: 30.1°C–34.0°C) at the start and end of the period, respectively (Wilcoxon signed-rank test, p < 0.001). Statistically, the core temperatures were significantly different between at the start and end of the maintenance period despite core temperatures being kept within 2.0°C during this period. For the recovery period, the core temperatures were 32.7°C (IQR: 30.4°C–33.9°C) and 36.5°C (IQR: 36.5°C–36.7°C) at the start and end of the period, respectively (Wilcoxon signed-rank test, p < 0.001). Data on PaO2, PaCO2, hemoglobin and anesthetic agents used during CPB are presented in Table 2.


TABLE 2 Anaesthesia and arterial blood Gas analysis results during cardiopulmonary bypass.
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Analysis of the processed electroencephalography


Hypothermia induction period

Details on changes in pEEG-derived parameters during hypothermia induction period are presented in Table 3. According to the random-slope linear mixed modelling, the PSI decreased 0.84 points with each degree Celsius core temperature drop [95% confidence interval (CI): 0.68–0.99; p < 0.001]. The SR increased by 2.9 (95% CI: 2.3–3.4; p < 0.001).


TABLE 3 Changes in processed electroencephalography-derived parameters during cooling and rewarming.
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With lower temperatures, the SEF significantly decreased: by 0.18 Hz (95% CI: 0.12 Hz–0.24 Hz; p < 0.001), and by 0.22 Hz (95% CI: 0.16 Hz–0.28 Hz; p < 0.001), for the right and left, respectively (see Figure 1). Details on variation between patients are presented in the Supplementary Table S1.


[image: Figure 1]
FIGURE 1
Correlation between changes in core temperature and changes in Patient State Index (PSI), Suppression ratio, Spectral Edge Frequency (SEF) of left brain hemisphere and SEF of right brain hemisphere during induction of hypothermia.




Maintenance period

As previously described, the effects of hypothermia on the pEEG during the maintenance period were evaluated in relation to the duration of hypothermia. Details are presented in Table 4. The PSI had significant random variation at the beginning of hypothermia maintenance (p < 0.001); the random effect of hypothermia maintenance duration was not significant (p = 0.5). Considering this variability, the estimated linear relationship was not significant (p = 0.224). The estimated intercept was 21.3 (95% CI: 17.3–25.2; p < 0.001).


TABLE 4 Effect of hypothermia duration on processed electroencephalography-derived parameters during maintenance period.
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The SR showed a significant random effect at the beginning of hypothermia maintenance (p = 0.001), and the duration of hypothermia maintenance was not a significant random effect (p = 0.891). Accepting that the intercepts were variable between patients, there was no significant linear relationship between the SR and the duration of hypothermia maintenance (p = 0.978).

The SEFs also had variability in the intercepts (p = 0.001 for both right and left), and the duration of hypothermia maintenance was not a significant random effect (right, p = 0.996; left, p = 0.072). During this period, there was no relationship between the right or left SEF and the duration of hypothermia maintenance (right, p = 0.077; left, p = 0.346). The estimated intercepts were 10.7 (95% CI: 9.1–12.3; p < 0.001), and 11.3 (95% CI: 9.4–13.2; p < 0.001) for the right and left, respectively.



Rewarming period

Details on changes in pEEG-derived parameters during rewarming period are presented in Table 3. During the rewarming period, every degree Celsius increase in core temperature was associated with an increase in the PSI by 0.70 (95% CI: 0.60–0.81, p < 0.001).

The SR decreased by 2.2 for each degree Celsius increase of the core temperature (95% CI: 1.7–2.7; p < 0.001). The SEF of both sides decreased according to increased core temperature. The right and left SEF were predicted to be, in response to increased core temperature of one unit, 0.18 Hz (95% CI: 0.10 Hz–0.26 Hz, p < 0.001) and 0.28 Hz (95% CI: 0.21 Hz–0.36 Hz, p < 0.001) for right and left, respectively (Figure 2). Details on variation between patients are presented in the Supplementary Table S1.
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FIGURE 2
Correlation between changes in core temperature and changes in Patient State Index (PSI), Suppression ratio, Spectral Edge Frequency (SEF) of left brain hemisphere and SEF of right brain hemisphere during rewarming.





Outcomes

Major complications are presented in Supplementary Table S2. A total of 13 patients (46%) required inotropic support in ICU, with three (10.7%) requiring inotropic support for >48 h. Acute kidney injury occurred in 14 patients (50%), with two patients requiring renal replacement therapy (7.1%). No patient had postoperative myocardial infarction. Delirium occurred in nine (32.1%) patients. Three patients (10.7%) required re-exploration for bleeding. One of them had a massive hemorrhage requiring immediate re-sternotomy at the bedside in ICU. The subsequent course was complicated by cardiogenic shock requiring extracorporeal membrane oxygenation, renal failure requiring renal replacement therapy and ischemic stroke. The patient died in ICU. There were no other in-hospital deaths.

Association between PSI levels and complications is presented in Supplementary Table S3. We found that exposure to a PSI level >50 during CPB was moderately associated with development of postoperative delirium, while no association with other complications was found.




Discussion


Key findings

In this single-center observational study, we quantified changes in the SedLine parameters in relation to changes in body temperature. We found that the PSI decreased by 0.84 points for each degree Celsius decrease in core temperature during the induction of hypothermia and increased by 0.70 points for each degree during the recovery phase. Similarly, SR increased during induction and decreased during the recovery period, while changes in the SEF were not related to changes in body temperature.



Relationship to previous studies

Changes in EEG during hypothermia have been previously described in several studies. Early studies performed in the 50 s and 60 s showed that hypothermia has a suppressive effect on EEG (16, 17). More recently, since the introduction of pEEG monitoring in anesthesia, several studies have investigated the effect of hypothermia on the BIS (4), the most widely described pEEG parameter (7).

Overall, these studies found that hypothermia induced a decrease in the BIS of approximately 1 point per degree Celsius (11, 12, 18). A strong correlation between the BIS and temperature was also found in studies investigating cardiac surgery under deep hypothermic circulatory arrest (19, 20). A study comparing the BIS with entropy showed that the two indices have good correlation under normothermic conditions but poor agreement during hypothermia, suggesting that different depth-of-anesthesia indices may not be equivalent under hypothermic conditions (21).

In our study, we investigated, for the first time, the effect of hypothermia on the PSI, a novel depth-of-anesthesia index displayed by the SedLine monitor. Our results showed that changes in the PSI are comparable to those reported for the BIS (i.e., approximately 1 PSI point for each degree Celsius decrease). Interestingly, changes in the PSI were more pronounced during the induction of hypothermia than during rewarming. To the best of our knowledge, there have been no studies comparing changes in the PSI and the BIS during hypothermia. Thus, comparison between these two indices in this specific condition remains speculative.

In addition, we investigated changes in the SEF. Some studies have reported that the SEF remains relatively stable during hypothermia (22, 23), although such findings have not been consistent (3, 18, 24). Our results demonstrate the possible independence of the SEF from core temperature during hypothermia induction, maintenance and recovery periods. These findings imply that SEF variations during hypothermia may differ from PSI or SR responses to core temperature changes. These findings are consistent with previous reports that changes in the SEF are not consistent with BIS changes in the late phase of CPB (3) and during rewarming (24). Further, our findings confirm those from previous studies that have shown that EEG changes during the cooling phase of hypothermia differ from changes during rewarming (25, 26). However, it should be noted that absolute changes in the SEF in our study are unlikely to be clinically relevant (approximately 0.2 Hz for each degree Celsius; i.e., less than 1 Hz from 36 to 32°C) considering the wide range of SEF values (approximately 10–23 Hz) even in healthy volunteers (27).



Study implications

The results of our study imply that SedLine-derived indices during CPB are influenced by changes in body temperature. Findings from our study further suggest that changes in body temperature have different effects on different SedLine-derived parameters. Our data suggest that the PSI correctly reflects EEG alterations during temperature changes and may be used to monitor the depth of anesthesia during hypothermic CPB. Furthermore, for the first time, we were able to provide an approximate estimation of the relative contribution of mild hypothermia to PSI changes: approximately 1 PSI point for each degree Celsius. Clinicians using pEEG monitoring during anesthesia or in the ICU should be aware of these changes when interpreting the values of pEEG indices and making clinical decisions.

Interestingly, we found that inadequately deep anesthesia was associated with development of postoperative delirium. The association between inadequate anesthesia depth (either too deep or to light) and delirium has already been described, and our findings are in line with this concept (1, 28), although our study was underpowered to investigate association between PSI levels and complications.



Strengths and limitations

The strengths of our study include the continuous recording and analysis of temperature and pEEG data, unlike previous studies that had limited data collection and fixed time points (3, 21, 23). Furthermore, our data collection was not limited to the PSI but also included additional SedLine-derived parameters, such as the SEF and SR, and analysis their correlations.

Our study has several limitations. The anesthesia protocol was not mandatory; therefore, we cannot exclude the possibility of different effects of different anesthesia techniques on the pEEG-derived indices. However, our study reflects current clinical practice. Additionally, the study has all the limitations of a single-center trial. Accordingly, our findings may not be generalizable to other hospitals or to other non-cardiac surgery adult patients. We used only SedLine as depth-of-anaesthesia monitor. Accordingly, we were unable to make a direct comparison with other devices. Future studies should address whether different anesthetic regimens have different effects on SedLine-derived parameters during hypothermia induction, maintenance, and recovery. Furthermore, future studies should investigate whether different PSI-guided anesthesia regimens during hypothermia influence neurological outcomes after cardiac surgery with CPB. Our study provides baseline data that allow for the planning and design of such future studies.




Conclusions

During hypothermic CPB using the SedLine device, temperature changes led to a decrease in the PSI with cooling and an increase with warming with changes of approximately 1 PSI point for each degree Celsius. The SR increased during cooling as the PSI decreased and decreased as the PSI increased during rewarming. In contrast, changes in the SEF were not related to changes in body temperature. Clinicians using SedLine for depth-of-anesthesia monitoring during CPB with induced hypothermia should be aware of these effects when interpreting the PSI and SR values.
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Background: We studied acute lung injury (ALI) in thoracic aortic disease (TAD) patients and investigated the predictive effect of interleukin-6 (IL-6) in acute lung injury after thoracic aortic disease.



Methods: Data on 188 TAD patients, who underwent surgery between January 2016 to December 2021 at our hospital, were enrolled in. We analyzed acute lung injury using two patient groups. Patients with No-ALI were 65 and those with ALI were 123. Univariate logistic, LASSO binary logistic regression model and multivariable logistic regression analysis were performed for acute lung injury.



Results: Preoperative IL-6 level was lower (15.80[3.10,43.30] vs. 47.70[21.40,91.60] pg/ml, p < 0.001) in No-ALI group than in ALI group. The cut-off points, determined by the ROC curve, were preoperative IL-6 > 18 pg/ml (area under the curve: AUC = 0.727). Univariate logistic regression analysis showed 19 features for TAD appeared to be early postoperative risk factors of acute lung injury. Using LASSO binary logistic regression, 19 features were reduced to 9 potential predictors (i.e., Scrpost + PLTpost + CPB > 182 min + D-dimerpost + D-dimerpre + Hypertension + Age > 58 years + IL6 > 18 pg/ml + IL6). Multivariable logistic regression analysis showed that Postoperative creatinine, CPB > 182 min and IL-6 > 18 pg/ml were early postoperative risk factors for ALI after TAD, and the odds ratios (ORs) of postoperative creatinine, CPB > 182 min and IL-6 > 18 pg/ml were 1.006 (1.002–1.01), 4.717 (1.306–19.294) and 2.96 (1.184–7.497), respectively. When postoperative creatinine, CPB > 182 min and IL-6 > 18 pg/ml (AUC = 0.819), the 95% confidence interval [CI] was 0.741 to 0.898. Correction curves were nearly diagonal, suggesting that the nomogram fit well. The DCA curve was then drawn to demonstrate clinical applicability. The DCA curve showed that the threshold probability of a patient is in the range of 30% to 90%.



Conclusions: The inclusion of interleukin-6 demonstrated good performance in predicting ALI after TAD surgery.
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Introduction

Thoracic aortic disease (TAD) contains aneurysms and acute aortic syndromes (intramural hematomas, dissections, penetrating atherosclerotic ulcers). Thoracic aortic disease (TAD) is a type of vascular disease, which if left untreated, could cause fatal complications. Surgery is an important treatment modality for TAD. Aortic dissection is the worst complication of thoracic aortic disease (1). Acute aortic dissection is commonly reported to be accompanied by acute lung injury (ALI), where oxygenation of the lungs has been impaired severely (2). Acute lung injury (ALI) is a devastating and potentially life-threatening postoperative complication that can also prolong the duration of ventilator support and hospital stay. In large series of patients undergoing open surgery for thoracoabdominal aortic aneurysm, serious lung damage was reported at 60% (3, 4), and in recent publications, it was reported that it was between 40% and 50% (5). Acute hypoxic respiratory insufficiency caused by ALI is caused by a variety of factors that damage alveolar epithelial cells and capillary endothelial cells. Due to these pathological changes, ventilation is reduced, gas exchange is impaired, the ventilation-perfusion imbalance is severe, hypoxia is experienced, and pulmonary compliance is poor (6).

A significant role is played by inflammation in TAD development. A significant association between TAD and elevated plasma inflammatory markers has been reported (7, 8). On the one hand, the lung contains a considerable number of monocytes and macrophages in the cytoplasm to perform a protective function since the trachea is in direct touch with the outside environment; On the other hand, large and slow amount of circulating blood is needed to exchange gas between erythrocytes and alveoli. Lungs are therefore susceptible to inflammatory damage due to this feature (9). The role of inflammatory biomarkers as prognostic indicators after cardiac surgery has gained increasing attention. The impact of perioperative inflammatory biomarkers on clinical outcomes has been understudied in patients undergoing surgery for TAD.

There is a close correlation between cardiovascular disease and intercellular IL-6, which is an inflammatory cytokine that plays an important role in inflammation and immune response (10). The association between interleukin-6 (IL-6) and the pathology of aortic dissection has been demonstrated in numerous basic studies. As well, clinical studies have shown that elevated IL-6 can lead to complications after cardiovascular surgery (11–13). Therefore, to explore if IL-6 plays a predictive role in the occurrence of postoperative ALI in TAD patients undergoing surgery, we collected data on TAD patients from January 2016 to December 2021 who had IL-6 measurement.



Methods


Patient population

The cohort of this retrospective study consisted of 188 patients with surgical treatment for TAD who had preoperative levels of IL-6 measured from Guangdong Provincial People's Hospital (Guangzhou, China) from January 2016 to December 2021. Figure 1 shows the patient screening process. ALI and Non-ALI are classified according to the presence or absence of acute lung injury after surgery. In our study, we included patients whose CT angiography or magnetic resonance angiography (MRA) confirmed the presence of TAD. The exclusion criteria were as follows: (1) No preoperative IL-6 measurement; (2) Age less than 18 years; (3) Death before surgery; (4) Malignant tumors. An overview of the clinical characteristics of the TAD patients included in the study can be found in Table 1. This study protocol was approved by the Institutional Ethics Committee of Guangdong Provincial People's Hospital (KY-Q-2021-183-02) and conformed to the Declaration of Helsinki.


[image: Figure 1]
FIGURE 1
Patient screening chart.



TABLE 1 Preoperative data.
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Definitions

ALI severity was put into the following categories based on the Berlin definition: mild ALI [200 mmHg < oxygen index (OI) ≤ 300 mmHg], moderate ALI (100 mmHg < OI ≤ 200 mmHg), and severe ALI (OI ≤ 100 mmHg) (14). Early mortality was defined as all-cause mortality in-hospital. Stroke was defined as a permanent neurologic injury with clinical or radiographic evidence, such as CT or MRI. The term MODS refers to the acute and potentially reversible dysfunction of two or more organ systems resulting from a variety of clinical factors (15).



Data collection

Before surgery, venous blood was extracted from all patients (within 48 h of the onset of symptoms). The preoperative indices of all patients were observed and summarized in Table 1. Preoperative indicators included age, gender, body mass index (BMI), IL-6, D-dimer, serum creatinine (SCR), triglyceride, low density lipoprotein (LDL), alanine aminotransferase (ALT), aspartic transaminase (AST), glucose, white blood cells (WBC), platelets (PLT), cardiac effusion, hypertension, and other previous history. Intraoperative and postoperative indicators were summarized in Table 2. Intraoperative and postoperative indicators included cardiopulmonary bypass (CPB), aortic cross-clamp time (ACC), deep hypothermic circulation arrest (DHCA), WBC, PLT, D-dimer, glucose, SCR, AST, ALT, mediastinitis, and other postoperative complications.


TABLE 2 Surgical data.
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Statistical analysis

Continuous variables were reported with mean ± standard deviation (SD) and were compared using Student's independent t-test. If normality was not assumed (Kolmogorov-Smirnov test), median (interquartile range, IQR) and Mann-Whitney U test would be used. Categorical variables were presented as numbers and percentages and were compared using the Chi-square test or Fisher's exact test (if expected value ≤5 was found). Univariate and multivariate logistic regression models and estimated odds ratio (OR) were used to investigate the association between independent variables and in-hospital mortality. Partial nonbinary variables were dichotomized via univariable logistic regression and optimal cut-off points were estimated via receiver operating characteristic (ROC) curve analysis and determined based on the maximum Youden index.

We selected the most useful predictive features from the primary data set by using the least absolute shrinkage and selection operator (LASSO) method. This method is suitable for reducing high-dimensional data. With the LASSO binary logistic regression model, all the clinicopathologic variables in the cohort were reduced to a limited set of potential predictors. If the penalization coefficient lambda (λ) is high, the predicted regression parameters are unaffected; but, as the coefficients decrease, certain coefficients may be reduced to zero. We then selected the optimal λ in the LASSO model by using 10-fold cross-validation via minimum criteria and one standard error of the minimum criteria (the 1-SE criterion). Lastly, the Lasso method was used to select all coefficients that were not zero (Figure 1) to re-fit the model. The variables that were also significant in multivariate results would be recognized as associated factors in patients' ALI. A p < 0.05 would be recognized as reaching significance for each test, two-tailed. All analyses were performed using IBM SPSS Version 25 (SPSS Statistics V25, IBM Corporation, Somers, New York) and R software (version 4.2.1).

The model was assessed using the area under the ROC curve. The AUC (area under the receiver operating characteristic curve) was measured to quantify the discrimination performance of the model. Based on the cohort, we conducted decision curve analyses to determine the clinical usefulness of the model. This model's calibration was assessed using calibration plots.




Results


Clinical characteristics

In this study, 188 patients undergoing TAD surgery were included after inclusion and exclusion criteria were met. The mean age of patients was 54.31 ± 12.02 years. In addition, 75.53% of patients were male. According to the postoperative OI, ALI was identified in 123 patients and the incidence of preoperative ALI was 65.4%. As shown in Table 1, patients who have and do not have postoperative ALI are compared in terms of their basic characteristics. The ALI patients were older (56.07 ± 11.92 vs. 50.97 ± 11.49; p = 0.005), had a higher IL6 (15.8 VS. 47.7; p < 0.001), a higher WBC (9.61 ± 4.10 VS. 11.31 ± 3.69; p = 0.005), a higher D-dimer (4,848.88 ± 6,284.89 vs. 9,730.52 ± 8,003.38; p < 0.001), a higher glucose (6.58 ± 2.21 vs. 7.32 ± 2.00; p = 0.023) and SCR (86.50 ± 25.61 vs. 112.13 ± 80.63; p = 0.002). Compared to no-ALI, a greater percentage of ALI were hypertensive (75.61% vs. 58.46%; p = 0.015). There was no statistically significant difference between the ALI and no-ALI groups in other factors. Patients with lung injury have a relatively worse postoperative situation (Table 3).


TABLE 3 Postoperative data.
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Feature selection

The model was built using LASSO binary logistic regression because the sample size in this study was insufficient to satisfy the advised number of events per variable. The λ value was 0.034. Of all the relevant variables, 24 features were reduced to 10 potential predictors on the basis of the cohort. The 10 variables with non-zero coefficients in the LASSO logistic regression model (i.e., Scrpost + RBC transfusionU + CPB > 182mi + D-dimerpre + Hypertension + Age > 58 years + Wheats + FET + IL6 > 18 pg/ml + IL6) were used in the final model (in Figures 2, 3). Next, the above mentioned 10 variables were included in the multivariable logistic regression analysis to determine the risk factors associated with postoperative ALI. Finally, postoperative creatinine, age > 58 and IL-6 > 18 pg/ml were as ALI risk factors (Tables 4, 5 and Figure 4). And ROC curve was shown in Figure 5.


[image: Figure 2]
FIGURE 2
Texture feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model.



[image: Figure 3]
FIGURE 3
Cross-validation of the LASSO regression model. Lasso coefficient profiles of the 24 features. A coefficient profile plot was produced against the log (λ) sequence. The vertical line was drawn at the value selected using 10-fold cross-validation, where optimal resulted in 10 features with non-zero coefficients.
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FIGURE 4
Nomogram to predict ALI in patients with TAD.
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FIGURE 5
ROC of the cohort. (A) ROC curves when IL > 18 was excluded. (B) ROC curves at inclusion of postoperative creatinine, age > 58 and IL-6 > 18 pg/ml.



TABLE 4 Univariate analyses for postoperative acute lung injury.
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TABLE 5 Multivariate analyses for postoperative acute lung injury.

[image: Table 5]



Nomogram construction

The above-mentioned variables were screened using logistic regression backwards selection. Postoperative creatinine, age > 58 and IL-6 > 18 pg/ml were identified as ALI risk factors. The ALI risk was 2.78-fold higher in IL > 18 than in IL < 18 patients (95% CI = 1.0–7.54; p = 0.048), postoperative creatinine (OR for ALI: 1.006, 95% CI: 1.002–1.01, p = 0.005) and Age > 58 years (OR for ALI: 2.654, 95% CI: 1.171–6.379, p = 0.023) were independent risk factors for postoperative ALI (Table 4). These results were used to construct a nomogram for estimating the postoperative ALI risk in TAD patients during hospitalization (Figure 4). Three independent predictors of postoperative ALI were used. The three factors used to estimate the postoperative risk of ALI each received a score based on their value, and the total score was calculated by summing the scores.



Nomogram validation

Figure 4 indicated that the AUC values of the nomogram were 0.811(95% CI = 0.747–0.875) for the cohort. Figure 6 displayed the calibration curves of the nomogram. The Hosmer–Lemeshowchi-square statistic was 4.24 and the p value was 0.8348, demonstrating good calibration. In the cohort, correction curves were nearly diagonal, suggesting that the nomogram fit well. The DCA curve was then drawn to demonstrate clinical applicability (Figure 7). The DCA curve showed that the threshold probability of a patient is in the range of 30% to 90%, the use of a nomogram to predict postoperative ALI in patients with TAD is more beneficial than either the treat-all-patients or treat-none scheme.


[image: Figure 6]
FIGURE 6
A calibration plot based on the nomogram.
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FIGURE 7
Decision curve.





Discussion

We looked into whether adding IL-6 could predict occurrence of ALI after TAD surgery. Association of interleukin-6 with postoperative complications is an area of ongoing research. This study explores the predictive role of interleukin-6 in the occurrence of postoperative ALI after surgery for TAD and demonstrates that the inclusion of interleukin-6 improves the performance of predictive model for ALI after TAD surgery. We developed a diagnostic nomogram for the postoperative individualized prediction of ALI in patients with TAD during hospitalization. The nomogram incorporated three items: IL-6 > 18 pg/ml, ventilation time and postoperative serum creatinine. We selected an optimum IL-6 cutoff value based on the Youden index (Youden index = sensitivity + specificity-100%) for the prediction of patients with postoperative ALI, and also considered the sensitivity and specificity. In practice, the choice of cutoff value might be dependent on the risk of misdiagnosis and missed diagnosis. Our study indicated that IL-6 > 18 pg/ml, ventilation time and postoperative serum creatinine are independent risk factors for postoperative ALI in TAD patients. The validity of our nomogram model was determined using multiple indicators, including AUC, correction curve, Hosmer-Lemeshow test and DCA. Through shrinking the regression coefficients that represent the correlation between predictor and outcome, 24 candidate features were reduced to 10 potential predictors for the construction of the model. This strategy outperforms the method of selecting predictors based on the strength of their univariable correlation with the result.

A number of studies found that blood or lung tissues from aortic dissection and thoracic aortic aneurysm patients with postoperative ALI showed significant increases in C-reactive protein (CRP), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1). As a result of these reactions, pulmonary microvascular endothelial cells (PMVECs) are subject to apoptosis and barrier dysfunction, which lead to the elevation of endothelial permeability and the development of ALI (5, 16). Patients with ALI had higher levels of blood IL-6. Experimental evidence suggested aortic aneurysms can secrete IL-6 (17–19). In basic experimental research, Paige et al. found aortic rupture and death can be decreased in AAA mouse models by selectively inhibiting the IL-6 trans-signaling pathway, which suggested a possible therapeutic target (20). The expression of IL-6 was increased in AD rat models. MMP-2 expression may be enhanced by IL-6, which may promote extracellular matrix degradation, which promoted AD development (19). In clinical studies, the IL-6 level was found to be elevated in postoperative delirium (POD) patients following aortic dissection surgery by Lv Xiaochai et al. In this way, plasma IL-6 levels could be used to evaluate the outcomes of POD in AAD patients (21). Furthermore, high levels of IL-6 and D-dimer have predictive significance in predicting poor prognosis following acute Stanford type A aortic dissection surgery (13). Researchers have looked into the link between IL-6 (22), but it is not clear if IL-6 also affects ALI after TAD surgery.

In our study, patients with postoperative ALI had higher levels of IL-6 than those who did not have ALI, and the difference was statistically significant. After using logistic regression, it was found that IL-6 > 18 was a risk factor for postoperative ALI. Moreover, the AUC in the development cohort was 0.811 and correction curves were nearly diagonal. Compared with other studies, we selected the cutoff value, but whether this cutoff value can be applied to the subsequent validation still needs to be explored by expanding the sample size.

In cardiac surgery, a serious problem associated with cardiopulmonary bypass (CPB) was that it triggers an inflammatory response that contributed to the dysfunction of various organs, including the lungs (23, 24). The complement system in the blood and many different body cells were broadly stimulated in the particular cardiopulmonary bypass environment, and their functions were progressively damaged. During the postoperative period, their own inflammatory response was amplified, leading to SIRS and further causing organ dysfunction, including ALI. Lung immunological and anatomical characteristics contribute directly to the poor prognosis of ALI, which makes it one of the main targets of inflammation (25). A prolonged cardiopulmonary bypass will, therefore, result in postoperative ALI in ATAAD surgery.

The kidneys were responsible for eliminating creatinine from the body. Increased creatinine levels suggest renal disease. However, a statistically significant difference was found in postoperative serum creatinine levels higher in the ALI group in our study. Despite being different organs with their own location, structure, and function, lung and kidney tissue could be damaged simultaneously in the course of systemic diseases since they were not completely independent from one another (26). It has been proposed that renal ischemia/reperfusion could cause the systemic release of injurious factors that activated pulmonary capillary endothelial cells, resulting in increasing permeability and expression of adhesion molecules in the cells (27). Previous studies have found in the univariate analysis, increased creatinine levels were a significant risk factor for hypoxemia at 1 and 12 h after surgery (28). A possible explanation was that this group of patients was more susceptible to fluid overload during surgery due to their increased sensitivity to fluids. Some investigators have identified excessive hemodilution during CPB as an important factor in the development of lung injury (28). We were unable to determine hemodilution and fluid load because fluid intake and output were not counted in our data.

The shortcoming of our study is that relatively few previous tests for IL-6 have been performed, so the number of patients included in the study is relatively insufficient, which may make the results less perfect. Therefore, for follow-up studies, preoperative testing of IL-6 in patients should be increased. IL-6 testing is not included as a mandatory preoperative test, but since studies have found that IL-6 has a predictive effect on lung injury, it should be recommended that patients be tested for IL-6 prior to surgery in order to better prevent postoperative lung injury. We also hope to explore the cut-off value of IL-6 in a follow-up study.
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Objective: Cardiac surgery is known to activate a cascade of inflammatory mediators leading to a systemic inflammatory response. Hemadsorption (HA) devices such as CytoSorb® have been postulated to mitigate an overshooting immune response, which is associated with increased morbidity and mortality, and thus improve outcome. We aimed to investigate the effect of CytoSorb® on interleukin (IL)-6 levels in patients undergoing complex cardiac surgery in comparison to a control group.



Methods: A total of 56 patients (28 CytoSorb®, 28 control) undergoing acute and elective cardiac surgery between January 2020 and February 2021 at the Department of Cardiac and Vascular Surgery, Clinic Floridsdorf, Vienna, were retrospectively analyzed. The primary endpoint was the difference in IL-6 levels between the CytoSorb® and control group. Secondary endpoint was periprocedural mortality.



Results: CytoSorb®, installed in the bypass circuit, had no significant effect on IL-6 levels. IL-6 peaked on the first postoperative day (HA: 775.3 ± 838.4 vs. control: 855.5 ± 1,052.9 pg/ml, p = 0.856). In total, three patients died in the HA group, none in the control (logistic regression model, p = 0.996). Patients with an increased Euroscore II of 7 or more showed a reduced IL-6 response compared to patients with an Euroscore II below 7 (178.3 ± 63.1 pg/ml vs. 908.6 ± 972.6 pg/ml, p-value = 0.00306).



Conclusions: No significant reduction of IL-6 levels or periprocedural mortality through intraoperative HA with CytoSorb® in patients undergoing cardiac surgery was observed. However, this study was able to show a reduced immunologic response in patients with a high Euroscore II. The routine application of CytoSorb® in cardiac surgery to reduce inflammatory mediators has to be scrutinized in future prospective randomized studies.
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Introduction

Cardiac surgery evokes an unpredictable activation of the complement cascade and stimulation of the immune system induced by surgical trauma, cardiopulmonary bypass (CPB) through sheer stress, artificial surfaces and reperfusion injury. A normal immune response results in a controlled inflammation process involving pro- and anti-inflammatory cytokines. In case of a dysregulation, inflammatory mediators are excessively released, which is referred to as “cytokine storm” (1, 2). This hyperactivation may result in a systemic inflammatory response syndrome (SIRS) and consequently septic shock. Cytokine-induced vasodilatation and increased capillary permeability cause hemodynamic depression and organ dysfunction, linked to increased morbidity and mortality (3–5). Interleukin (IL-) 6 plays a crucial role as early indicator of inflammation prior to C-reactive protein (CRP) and is therefore routinely used in the intensive care setting (6). IL-6 is induced by tumor necrosis factor in response to severe injury and infection and stimulates the synthesis of acute-phase-proteins such as CRP in the liver. Elevated IL-6 levels were not only shown to correlate with the severity of sepsis but also to be highly predictive of adverse outcome following cardiac surgery (1, 7, 8). Bauer et al. also found IL-6 to be predictive for prolonged mechanical ventilation and thus longer stay at the ICU (7).

Hemadsorption (HA) devices have been postulated to reduce excess cytokine levels—as produced in a cytokine storm—and thus attenuate an overshooting immune response and ultimately prevent multi-organ failure (9). The CytoSorb® adsorber (CytoSorbents Europe GmbH, Berlin, Germany) is the most widely-used cytokine filter and consists of a crosslinked divinyl benzol-polymer filtering small and mid-size hydrophobic molecules up to a size of 60 kDa. It was designed for the removal of inflammatory mediators in SIRS, sepsis and septic shock and is now increasingly adopted in cardiac surgery to mitigate the inflammatory response induced by CPB (10, 11). Reported results are inconsistent and in the scarce literature of HA in cardiac surgery the effect of CytoSorb® on inflammatory cytokines remains questionable (10–13). The aim of this retrospective study was to investigate whether the use of CytoSorb® during CPB in patients undergoing cardiac surgery has an effect on IL-6 levels and secondarily on periprocedural mortality. Furthermore, possible factors leading to increased IL-6 were analyzed and reported out of concurrence.



Materials and methods


Study design and patients

The study protocol was reviewed and approved by the ethics committee of Vienna, reference number EK 21-039-VK. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.


Study cohort

A total of 56 patients who underwent elective or acute cardiac surgery with (n = 28) and without (=28) CytoSorb® between January 2020 and February 2021 at the Department of Cardio-Vascular Surgery Vienna, Clinic Floridsdorf, Vienna, Austria, were retrospectively analyzed. CytoSorb® was employed non-randomly at the surgeon's discretion, predominantly in endocarditis, redo- and high-risk surgeries. A control group was chosen within the same time period.



Inclusion criteria

Criteria for inclusion for both groups were: coronary artery bypass surgery, aortic-, mitral- and/or tricuspid valve repair/replacement, surgery of the ascending aorta and aortic arch including surgeries with circulatory arrest or combined procedures and serum levels of IL-6 available at baseline and in the postoperative period.



Hemadsorption protocol

According to the manufacturer's recommendation the CytoSorb® 300 ml adsorber had been installed in the CPB circuit (Stöckert S5 LivaNova, USA, Inc., Arvada, CO.) with a side arm coming from the venous outflow tube and given back to the venous reservoir prior to the oxygenator. Blood was pumped actively through the CytoSorb® cartridge with a standardized rate of 200 ml/min by a roller pump. The CPB circuit was primed according to institutional standards (1,700 ml Elomel saline solution + 10.000 IE heparin). In this study, CytoSorb® filtering was active only during CPB time.

IL-6 is routinely assessed in laboratory measurements at the intensive care unit (ICU) at our department to monitor the postoperative course of inflammation, as elevated IL-6 levels were shown to be predictive of the course in the ICU following cardiac surgery. In general, the first measurement postoperatively is about 6 h after the operation, then routine laboratory measurements are around 6 a.m. Thus, time points can be described as follows: before surgery, 6 h after end of surgery, first postoperative (POD 1) and second postoperative day (POD 2). For the quantification of IL-6 electrochemiluminescence sandwich immunoassay ECLIA (Roche Diagnostics) was used.




Endpoints

Primary endpoint was difference in IL-6 levels at its peak, which was on the first POD, between the HA and control group. Secondary endpoint was periprocedural mortality, defined as death occurring ≤30 days after the index procedure, >30 days but during the index hospitalization. Additionally, clinical parameters, duration of surgery, aortic cross-clamp and CPB time, catecholamine use, ICU and overall hospital stay as well as relevant laboratory parameters such as leucocytes count, c-reactive protein (CRP) were assessed.


Sample size calculation

Sample size calculations were performed for the primary outcome. A strong effect of CytoSorb® on IL-6 levels was assumed (effect size d = 0.8), at a level of significance of α = 5% and a power of 80%. The number of patients per group was calculated to be 21. We estimated a drop-out quote of one third due to missing data, therefore an additional of 7 patients were included.



Statistical analysis

Patient and perioperative data was collected from the electronic hospital records. Patient records were pseudoanonymized for further processing. Statistical analysis was performed using the open-source statistical software package R [version 4.1.0, 2021-05-18, R Core Team (2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org].

The primary endpoint IL-6 serum levels [in pg/ml] on the first POD (IL-6 POD 1) were compared in a Wilcoxon sum rank test, as IL-6 was not normally distributed. Comparison of IL-6 levels at all timepoints were additionally reported using Wilcoxon signed rank tests and p-values were Bonferroni corrected. Nevertheless, the primary endpoint remained IL-6 POD 1 levels and these outcomes were reported out of concurrence.

For the secondary endpoint periproceural mortality, a logistic regression model was used.

As patients who had Cytosorb installed in the CPB are generally sicker, this patient cohort represents a real-world setting. In confounder analyses the influence of significantly different baseline parameters (ES II, number of redo surgeries, ascending aortic replacements, aortic arch replacements, surgery time, and cardiopulmonary bypass time) on peak IL-6 levels were assessed. In case of ratio scaled parameters linear regression models were used to estimate the logarithm of IL-6. The logarithm was used to reduce the right-skewness of IL-6. In case of dichotomous baseline parameters, a Wilcoxon sum rank test was used. Additionally, a propensity score matching was performed matching age, Euroscore II, CPB time, surgical duration, see Supplementary Tables S1–S4, which contain all statistics of Tables 1–4 based on the propensity score matched data set.


TABLE 1 Interval and ratio scaled baseline parameters of CytoSorb® and control group.
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TABLE 2 Dichotomous distributed baseline parameters of CytoSorb® and control group.
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TABLE 3 Inflammatory blood parameters of both groups specified by median (1st quartile, 3rd quartile).
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TABLE 4 Postoperative outcome parameters.
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In exploratory analyses we investigated possible factors (impact of oxygenators, steroid application) affecting IL-6 levels, since those were high in comparison to other studies. Three different oxygenators were used: Terumo Capiox® FX25 Advance Oxygenator, Eurosets Horizon and Getinge Quadrox-i®. Additionally, the effect of HA on CRP serum levels, leukocyte count, norepinephrine levels was tested in Wilcoxon rank sum tests. Postoperative outcome parameters including ICU stay, atrial fibrillation de novo, stroke rate, ventilation time and reintubation were evaluated. The length of the ICU stay was tested in a Poisson regression model. To evaluate the validity of the study sample, the prognostic effect on 30-day mortality of known risk factors such as ES II, troponin I, and lactate levels on POD 1 were analyzed in a ROC analysis and opposed to peak IL-6. The area under curve (AUC), the sensitivity, and the specificity were reported.





Results

In this retrospective study, 56 patients who underwent cardiac surgery for different indications were included: 28 patients with CytoSorb® installed in the bypass circuit and 28 patients in the control group, with no HA device. The groups were comparable in terms of age and sex (see Tables 1, 2). Following baseline parameters showed to be significantly different between both groups: ES II, number of redo surgeries, ascending aortic replacements, aortic arch replacements, and cardiopulmonary bypass time (CPB, see Tables 1, 2). Baseline parameters are depicted in Table 1 (containing the normal distributed parameters) and Table 2 (containing the dichotomous parameters).


Primary endpoint: impact of CytoSorb® on IL-6 levels

Primary endpoint results are depicted in Table 3 and Figure 1. Preoperative IL-6 levels were 16.6 ± 39.5 pg/ml in the CytoSorb® vs. 7.8 ± 12.5 pg/ml in the control group. Six hours after surgery the IL-6 levels showed a strong increase (HA: 512.6 ± 391.2 vs. control: 554.1 ± 340.8 pg/ml) and peaked on the first POD (HA: 775.3 ± 838.4 vs. control: 855.5 ± 1,052.9 pg/ml, not significant). The IL-6 POD 1 levels showed no significant difference in a Wilcoxon sum rank test (p = 0.856, see Table 3). Two days after surgery the IL-6 levels halved (IL-6 POD 2, HA: 347.6 ± 310.8 vs. control: 283.5 ± 225.9 pg/ml). At all times CytoSorb® did not exhibit a significant effect on IL-6 levels when compared to the control group. All significantly different baseline parameters were investigated in confounder analyses (see “Confounder analyses” at the end of the “Results” section). In the propensity score matched data set, IL-6 did not show to be significantly different between groups (Supplementary Table S3). Previously significant baseline parameters such as Euroscore II, surgical duration, and CPB time were not significantly different following propensity score matching (Supplementary Table S1).


[image: Figure 1]
FIGURE 1
Timely course of IL-6 as boxplots over time at baseline, 6 h after surgery, on the first postoperative day (POD 1), on the second postoperative day (POD 2).




Secondary endpoint: impact of CytoSorb® on periprocedural mortality

Although all of three deceased patients were in the HA group, no significant effect was shown in the logistic regression model (OR = e−18.4, 95%- confidence interval = 0.0–437.5, p = 0.996). The three deceased patients were female with ages of 62, 76, and 77 showing high ES II values of 11.3, 14.2, and 19.6, respectively. Neither IL-6 levels of the first POD were indicative (206, 154, 219 pg/ml), nor body temperature (37.4, 37.1, 36.9°C). Serum levels of troponin I on the first POD were 11,563, 1,149, 3,611 µg/L, lactate levels were 3.3, 5.71, 3.22 mmol/L. Indications for surgery were acute aortic dissection, re-aortic valve stenosis and aortic aneurysm, respectively. Surgeries were replacement of the ascending aorta and hemiarch in mild hypothermic circulatory arrest, redo aortic valve replacement and coronary artery bypass grafting, and reoperation with replacement of the ascending aorta and hemiarch in mild hypothermic circulatory arrest. The 62-year old patient died due to liver failure resulting in multiorgan failure on the 4th postoperative day, the 76-year old patient died on the first postoperative day due to right ventricular failure after revision due to hemothorax, and the 77-year old patient died on the 20nd postoperative day due to multiple strokes, bilateral pneumonia requiring veno-venous extracorporeal membrane oxygenation and consequently followed by SIRS.



Confounder analysis

The impact of the significantly different baseline parameters on IL-6 levels on the first POD (i.e., IL-6 POD 1 = peak of IL-6) were further analyzed, i.e., ES II, number of redo surgeries, ascending aortic replacements, aortic arch replacements, surgery time, and CPB time.

ES II showed a significant effect on IL-6 POD 1 levels [linear regression model: log(IL-6 POD 1) = 6.4–0.069 × ES II, Wald's test p (ES II) = 0.023]. Moreover, patient with an increased ES II of 7 or more showed significantly reduced IL-6 POD 1 response (ES II > 7: 178.3 ± 63.1 pg/ml vs. IL-6 levels in ES II < 7: 908.6 ± 972.6 pg/ml, Wilcoxon rank sum test: W = 280, p-value = 0.003, see Figure 2). Among the significantly different intraoperative parameters, the surgery duration did not show a significant effect on IL-6 POD 1 levels [linear regression model: log(IL-6) = 6.15–0.00002 × surgery duration, p(surgery duration) = 0.993], similarly to CPB time [linear regression model: log(IL-6) = 6.19–0.0003 × CPB, p(CPB) = 0.923].


[image: Figure 2]
FIGURE 2
Timely course of CRP as boxplots over time at baseline, six hours after surgery, on the first postoperative day (POD 1), and on the second postoperative day (POD 2).


IL-6 POD 1 levels were equally high for redo surgery patients vs. in all other patients (439.8 ± 390 pg/dl vs. 559.1 ± 357.9 pg/dl, Wilcoxon rank sum test with continuity correction, W = 324.5, p-value = 0.1341).

Neither ascending aorta replacement (replacement group: 396.4 ± 319.6 vs. 585.0 ± 371.5 pg/dl in the others, Wilcoxon rank sum test with continuity correction, W = 358.5, p-value = 0.2059), nor aortic arch replacement did affect the IL-6 POD 1 levels, in case of IL-6 POD 1 was 402.5 ± 376.6 in the group with arch replacement vs. 565.9 ± 358.8 in all others (Wilcoxon rank sum test with continuity correction, W = 318.5, p-value = 0.08003).



Exploratory analysis: laboratory parameters and clinical course

Three different oxygenators were used in the CPB circuit: horizon, fx25 m, and quadrox-i. There was no significant effect of the different oxygenators on IL-6 POD 1 [horizon: 659.5 ± 755.9 pg/dl, fx25: 825.4 ± 1,048.5 pg/dl, quadrox-i: 938.8 ± 941.1 pg/dl, linear regression model estimating log(IL-6 POD 1) = 6.0 + 0.13 × fx25 (yes or no) + 0.37 × quadrox (yes or no) with horizon as reference, p(fx25) = 0.721, p(quadrox) = 0.356]. Intraoperative single shot administration of steroids did not decrease IL-6 POD 1 [linear regression model: log(IL-6 POD 1) = 6.1 + 0.09 × steroids (yes or no), p(steroids) = 0.786]. At the end of the surgery norepinephrine dosage was comparable in both groups, i.e., 5.2 ± 4.0 ml/h in the CytoSorb® group and 4.8 ± 6.6 in the control group (Wilcoxon rank sum test with continuity correction, W = 336, p-value = 0.624).

Similarly to IL-6, CRP serum levels are driven by the surgery but in contrast to IL-6 with a known temporal lag of 24 h (see Figure 3). Again, no effect of CytoSorb® on CRP and leukocyte count was found (see Table 3). The peak CRP levels on the second POD are correlated to the peaking logarithm of IL-6 levels of the first POD [linear regression model: CRP POD 2 = −63.2 + log(IL-6 POD 1), adjusted R2 = 0.37, Wald's test p < 0.001, see Figure 4].


[image: Figure 3]
FIGURE 3
IL-6 at three different timepoints (indicated as white letters: 0 baseline, 1 first postoperative day, 2 second postoperative day) vs. Euroscore II. Red refers to HA, black to control. The cross symbols mark the three deceased patients.
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FIGURE 4
Scatterplot of CRP POD 2 vs. IL-6 POD 1. A regression line was plotted.


The ICU stay was 6.6 ± 5.6 days in the CytoSorb® group and 5.3 ± 2.6 in the control group. A Poisson regression model of ICU stay did not significantly differ between both groups (Poisson regression model: e1.7 + 0.2 × Cytosorb, Wald's test p = 0.053).

A powerful prognostic effect of ES II on periprocedural mortality was shown (ROC analysis: AUC = 0.97, Threshold = 10.54, Sensitivity = 100%, Specificity = 96.2%) of troponin I POD 1 (ROC analysis: AUC = 0.93, threshold = 1,137, Sensitivity = 100%, Specificity = 82.7%) and of lactate levels POD 1 (ROC analysis: AUC = 0.96, threshold = 3.105, Sensitivity = 100%, Specificity = 92.5%) but not of IL-6 POD1 (ROC analysis: AUC = 0.79, Threshold = 230.5, Sensitivity = 100%, Specificity = 78.4%).

Postoperative outcome parameters were compared using Pearson's χ2 test in case of count data and Wilcoxon rank sum test for metric data, respectively, and were not significantly different between groups (see Table 4).




Discussion


The effect of intraoperative application of CytoSorb® on IL-6

CytoSorb® applied during CPB in patients undergoing cardiac surgery showed to have no effect on postoperative IL-6 levels in this retrospective single center cohort. Furthermore, no difference in mortality between the CytoSorb® and the control group was observed, i.e., the most relevant clinical endpoint.

CytoSorb® therapy is approved for the non-selective removal of excessive levels of cytokines. To date, there are seven randomized controlled trials (RCT) investigating this role of CytoSorb® applied in cardiac surgery (10–16). Comparing these RCTs, IL-6 levels showed a heterogenous course with peak values ranging from immediately after surgery (12, 16), on admission at ICU (14), 2 h after surgery (11), and 6 h after surgery (10, 13). The fact that the half-life of IL-6 lies within minutes, suggests that once the causative trigger is eliminated, IL-6 levels should decrease rapidly, i.e., after surgery, remaining elevated only in cases of prolonged immune answer e.g., sepsis (17). Albeit the IL-6 course, with an elevation about 6 h after surgery, corresponds to our data, we found in contrast prolonged elevated IL-6 levels postoperatively with a peak on the first POD, in line with Puchinger et al. (18) However, HA consistently had no significant effect on systemic inflammatory response or clinical outcome, respectively, supporting our results.



The effect of confounding variables on IL-6 levels

Although present differences between groups, CytoSorb® and control group, including increased ES II, longer surgery duration and CBP times, re-do surgeries, surgeries of the ascending aorta and arch, respectively, a significant impact of these factors on IL-6 levels was only observed for ES II in the confounder analysis. Despite the assumption that patients with an increased ES II will show increased IL-6 levels due to higher morbidity, this was not the case. Interestingly, in those patients with a high ES II of 7 or more and thus suspected high proinflammatory activity, IL-6 levels did not raise above 500 pg/ml. This is explained by the immunologic phenomenon, that critically ill patients are often anergic, characterized by a decrease in cytokine response, described in literature as compensatory anti-inflammatory response syndrome (CARS) (18, 19). Putting this into practice, a high ES II renders hemadsorption, with the aim to reduce cytokine levels following CPB, questionable.



Comparison of IL-6 levels to literature

Moreover, we observed relatively high IL-6 levels with regard to existing literature, with maximum serum concentrations greater than 500 pg/ml, comparable to sepsis patients (20–24). We hypothesized that the significantly elevated IL-6 levels, might be due to the fact that we included not only elective but also acute cardiac surgeries involving complex aortic arch surgeries and circulatory arrest. We did not confirm this hypothesis due to the heterogenous patient population and therefore small number of patients receiving certain operations and due to missing randomization, which is the main limitation of this study. But on another note, as per Schadler et al., the removal of cytokines is described to be concentration-dependent, while low cytokine plasma concentrations show to be not affected, high cytokine plasma levels are ought to be reduced effectively (21). This, although the patients in our cohort exhibited considerably elevated IL-6 levels, was not the case.



Exploratory analyses

Factors believed to contribute to the inflammatory response following cardiac surgery were included in an exploratory analysis. Literature on differences between oxygenator used in cardiac surgery and postoperative cytokine levels is lacking. We were not able to detect a difference between the three oxygenators used on IL-6 on POD 1. On the contrary, the anti-inflammatory effects of steroids on clinical outcome in cardiac surgery have been investigated in several trials (25–27). The meta-analysis by Dvirnik et al. showed that steroid administration at the time of cardiac surgery had no impact on mortality in over 16,000 patients (27). We analyzed the effect of intraoperative single shot steroid administration [100 mg SOLU-CORTEF® (hydrocortisone sodium succinate)] on IL-6 POD 1 between groups, with no significant difference. CytoSorb® was described to be associated with reduced catecholamine use, which we did not confirm as norepinephrine dosage was comparable in both groups (5.2 ± 4.0 ml/h in the CytoSorb® group vs. 4.8 ± 6.6 in the control group in our study sample) (28, 29). Contrarywise, Santer et al. reported a significantly higher demand for norepinephrine in the HA group in patients undergoing valve surgery for infectious endocarditis. He also found higher reoperation rates due to bleeding going along with a higher need for red blood cell concentrates and platelets with an overall longer hospital stay (30).

We further analyzed other important markers of inflammation including CRP and leucocyte count, which were not influenced by intraoperative HA with CytoSorb®. Also, the ICU stay and overall hospital stay in our cohort was comparable between groups.

Additionally, we were able to confirm the known prognostic effect of ES II, troponin I POD 1 and lactate levels POD 1 on periprocedural mortality in a receiver operating characteristic (ROC) analysis. IL-6 on POD 1 did not show to be of prognostic relevance in our cohort.

Other available data on CytoSorb® in cardiac surgery are smaller retrospective studies and case reports (28, 30–33). In sepsis studies, however, HA already finds an ample field of application (23). In a retrospective septic shock study cohort, the duration of application of CytoSorb® and thus the amount of blood purified seemed to be of clinical importance (23). Asch et al. applied CytoSorb® during CPB, and then continuously for 24 h following cardiac surgery, changing the cartridge every 8 h. However, this had no effect on postoperative inflammatory mediators (12). Gleason et al. combined two Cytosorb cartridges placed in a parallel configuration to reach a total blood flow of about 600 ml/min during CPB (mean duration of CytoSorb® treatment 2.5 ± 1.2 h, range 0.8–5.0 h) to enhance the effect of HA therapy. They reported an initial reduction of the complement factors C3a and C5a, also in the HA group, but this also did not affect outcome (15).




Limitations

First, one limitation of this study was that the Cytosorb group represented a frailer patient cohort showing significantly higher ES II values. This is partly due to the fact that only the CytoSorb® group included redo surgeries (12 out of 28), a 4.3-fold (11 vs. 3) of ascending aorta replacements, and a 10-fold (10 vs. 1) of aortic arch replacements in comparison to the control group. Hence, significantly longer surgeries and CPB times were found in the CytoSorb® group.

Second this study was not randomized through its retrospective character and a significant negative selection bias might have been introduced by choosing sicker patients for the use of CytoSorb®. On the other side, reduced IL-6 levels were found in patients with an ES II above 7. A reduced general condition is linked to a limited immunologic response in such patients.

Third, in our study we did not find a significant influence of CytoSorb® on mortality. With a mortality of 5.4% (3 out of 56), a sample size of 1,414 patients is required for a logistic regression model with an alpha of 5% (and not 1% as in our study), a power of 95%, a supposed odds ratio of 2.0 and an allocation strategy of 50% for each group. Nevertheless, mortality as endpoint is of use in a meta-analysis and thus just has to be reported also in smaller scale studies.

In future studies we recommend to use ES II for stratification to exclude its effect on immunologic response.



Conclusion

In conclusion, literature on CytoSorb® in cardiac surgery is diverging and although no clear benefit on the inflammatory response was demonstrated, CytoSorb® is routinely installed in the CPB circuit for the removal of cytokines in complex cardiac surgeries. No significant reduction of postoperative IL-6 levels nor periprocedural mortality through intraoperative HA with CytoSorb®, installed in the CPB in patients undergoing cardiac surgery, was observed. The immunologic response, i.e., IL-6 levels, seems to be reduced in those patients with a high ES II—a poor clinical prognosis, therefore a reduction of IL-6 through HA is not of relevance in these patients. The routine application of CytoSorb® in cardiac surgery to reduce IL-6 needs to be reconsidered. A large multi-institutional trial with stringent entry criteria is required to verify the beneficial impact of hemadsorption in cardiac surgery.
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Cardiopulmonary bypass (CPB) initiates an intense inflammatory response due to various factors: conversion from pulsatile to laminar flow, cold cardioplegia, surgical trauma, endotoxemia, ischemia-reperfusion injury, oxidative stress, hypothermia, and contact activation of cells by the extracorporeal circuit. Redundant and overlapping inflammatory cascades amplify the initial response to produce a systemic inflammatory response, heightened by coincident activation of coagulation and fibrinolytic pathways. When unchecked, this inflammatory response can become maladaptive and lead to serious postoperative complications. Concerted research efforts have been made to identify technical refinements and pharmacologic interventions that appropriately attenuate the inflammatory response and ultimately translate to improved clinical outcomes. Surface modification of the extracorporeal circuit to increase biocompatibility, miniaturized circuits with sheer resistance, filtration techniques, and minimally invasive approaches have improved clinical outcomes in specific populations. Pharmacologic adjuncts, including aprotinin, steroids, monoclonal antibodies, and free radical scavengers, show real promise. A multimodal approach incorporating technical, circuit-specific, and pharmacologic strategies will likely yield maximal clinical benefit.
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1 Introduction

The advent of cardiopulmonary bypass (CPB) revolutionized cardiac surgery and dramatically improved patient outcomes. CPB activates various inflammation, coagulation, fibrinolysis, apoptosis, and oxidation pathways. Exposure to nonphysiologic conditions during CPB leads to an intense immunologic response that can affect the function and recovery of multiple organ systems (1).

The body's immunologic response is designed to sequester and destroy what it recognizes as foreign. The initial stimulus or signal undergoes amplification due to redundant and synergistic inflammatory cascades. Frequently, this results in activation of both humoral and cellular components of the immune system, and the initial inflammatory response to CPB is no different. The activation of these pathways leads to release of multiple humoral mediators. Leukocytes, chiefly neutrophils, are then drawn to the site of production of these mediators, become activated, and subsequently adhere to endothelial cells by way of receptor interactions with adhesion molecules. Endothelial cells in turn become activated, rendering regional and remote capillary endothelium permeable to further migration of neutrophils and other intravascular molecules. Extravasation of neutrophils en masse results in release of large amounts of cytokines, chemokines, vasoactive substances, proteases of the coagulation and fibrinolysis systems, cytotoxins, and reactive oxygen species (ROS). Elimination of foreign antigen is the final step of this cascade of events.

Immunologic activation leading to inflammation is usually physiologic and protective, often leading to self-limited or subclinical organ dysfunction. However, on occasion, nonimmunologic activation that persists following CPB can be maladaptive and may progress beyond restoring homeostasis to marked fluid shifts and formation of microemboli, particularly in high-risk patients with limited functional reserve. This exuberant systemic inflammatory response to CPB, often characterized as systemic inflammatory response syndrome (SIRS), may manifest as clinically significant increase in capillary permeability, interstitial edema, and organ dysfunction. The link between CPB-induced inflammatory response and adverse clinical outcomes is still not well delineated. Several hypotheses have been proposed. One hypothesis suggests the balance between pro-inflammatory and anti-inflammatory cytokine release correlates with the magnitude of multiorgan injury (2). Temporal and magnitude changes in cytokine production patterns may further influence the clinical presentation and course of SIRS postoperatively (3, 4). A second hypothesis suggests SIRS is the result of a multifaceted response with overall cytokine upregulation leading to both a proinflammatory state (SIRS) as well as homeostatic, compensatory anti-inflammatory response syndrome (CARS) leading to systemic deactivation of the immune response, predisposing the patient to immunosuppression and infectious complications (5). The multi-hit hypothesis suggests CPB primes polymorphonuclear leukocytes such that subsequent exposure to stimuli that otherwise may be self-limiting (i.e., postoperative infection or ongoing ischemia) results in enhanced cytotoxin release and downstream organ dysfunction (5). This priming is thought to occur through various processes, including the secretion of cytokines, leading to pulmonary leucosequestration (5).

These harmful inflammatory effects are due to the interactions of a wide spectrum of compounds, including inflammatory triggers (complement-derived factors), mediators (cytokines and adhesion molecules), or effectors (proteolytic enzymes, oxygen free radicals, arachidonic acid metabolites, and immune cells). Hallmarks of ensuing multiorgan dysfunction include coagulopathy, myocardial dysfunction, pulmonary and renal insufficiency, neurocognitive deficits, hepatic injury, splanchnic bed hypoperfusion and bacterial translocation. Collectively, these multiorgan effects have been linked to post-perfusion/post-pump syndrome and ischemia-reperfusion injury.

Despite drawbacks attributed to the attendant inflammatory response, CPB remains a mainstay technique in cardiothoracic surgery, as it allows for adequate exposure of the lateral and posterior coronary arteries and facilitates a bloodless field in which to operate. While more drastic strategies have been employed to blunt excessive inflammatory response and its sequelae (including off-pump coronary artery bypass and minimally invasive techniques), an integrated approach to modulate the stress response incorporating pharmacologic measures and technical refinements has shown promise. Herein, we characterize the pathophysiology of the inflammatory response, and discuss potential strategies to intercept and attenuate this response.



2 Pathophysiology of inflammatory response following cardiopulmonary bypass

Compared with off-pump approaches, CPB may trigger an intense physiologic response due to several stimuli (Figure 1) (6, 7):


	•Blood contact with synthetic surfaces within the perfusion circuit and multiple tissues within the wound

	•Abnormal blood-gas interface

	•Pulsatile flow converted to laminar flow

	•Hypothermia

	•Surgical trauma

	•Global myocardial ischemia during cardioplegic protection

	•Ischemia-reperfusion injury to end-organs

	•Endotoxemia proceeding from splanchnic hypoperfusion and bacterial translocation



The inflammatory response following CPB is multifactorial, and may become generalized and uncontrolled, leading to SIRS. The “early” phase is initiated by blood contact with nonendothelial surfaces of the extracorporeal circuit and ultimately involves both humoral and cellular constituents of the immune system. The “late” phase that perpetuates inflammatory cascades is characterized by ischemia-reperfusion injury, endotoxemia, coagulopathy, and heparin-protamine complex reactions (Table 1). The link between inflammatory, coagulation, and fibrinolytic cascades is complex and may partially be explained by acute phase reactions during CPB similar to those seen in sepsis (8). Another link may be nuclear factor kappa B (NFκB), a ubiquitous and inducible transcription factor that is implicated during all phases of the response but plays a central role in regulating pro-inflammatory genes during the acute phase reaction (9).


[image: Figure 1]
FIGURE 1
Inflammantory cascade following cardiopulmary bypass initiation. Figure created using Biorender.com.



TABLE 1 Humoral and cellular factors influencing systemic inflammatory response associated with CPB.
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2.1 Contact activation

The exposure of blood to air and nonphysiologic surfaces of the extracorporeal circuit leads to simultaneous activation of coagulation and fibrinolysis cascades as well as the complement pathways of innate immunity (Figure 2).


[image: Figure 2]
FIGURE 2
Coagulation-fibrinolysis pathway activation. uPA, urokinase; tPa, tissue plasminogen activator. Figure created using Biorender.com.


Four proteins are involved in the contact activation pathway: factor XII (Hageman factor), factor XI, prekallikrein, and high-molecular-weight kininogen (HMWK). Upon exposure of blood to foreign material of the CPB circuit, factor XII is converted to its active form in the presence of prekallikrein and HMWK. Activated factor XII activates factor XI of the intrinsic pathway, ultimately leading to thrombin formation. Activated factor XII also converts prekallikrein to kallikrein. Kallikrein then: (1) feeds back to facilitate continued activation of factor XII, (2) induces cleavage of HMWK to form bradykinin, (3) potentiates mediators of the alternative complement pathway, and (4) promotes conversion of plasminogen to plasmin. Plasmin is an important link to the fibrinolytic cascade. Plasminogen is activated to plasmin by activated factor XII in the intrinsic pathway during contact activation, and by tPA as part of the extrinsic pathway later during CPB. In addition to thrombin, inflammatory mediators (cytokines and endotoxin) can activate plasminogen. Activated factor XII and plasmin both play a role in stimulating the classical complement pathway (10).

Activation of prothrombin to thrombin by way of the extrinsic pathway contributes significantly to systemic thrombin generation and thrombus formation. Circulating levels of tissue factor and activated factor VII increase following CPB and surgical trauma, correlating with stimulation of pro-inflammatory mediators interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α), and endotoxin (11–13). CPB necessitates anticoagulation in the form of high-dose heparin to prevent immediate clotting within the circuit. Heparin potentiates antithrombin III to inhibit thrombin and other coagulation factors (activated X, IX, XI, XII, and kallikrein). During CPB, fibrinogen and fibrin are readily deposited onto circuitry, thus creating a surface to which thrombin avidly adheres. Upon binding to deposited fibrinogen/fibrin, thrombin undergoes a conformational change that renders it resistant to inhibition by heparin-activated antithrombin III. Thus, while heparin can inhibit systemic thrombin, it is unable to inhibit surface-bound thrombin. The surface-bound thrombin continues to generate more circulating thrombin, that can in turn activate a number of constituent blood elements, including platelets. Activated platelets can bind fibrin- and fibrinogen-coated surface of CPB circuitry, and also can individually provide a scaffold for prothrombinase complexes to form and convert prothrombin to thrombin. While high-dose heparin can limit fibrin-rich thrombus during CPB, it cannot prevent thrombin generation per se. Thrombin levels, measured as thrombin-antithrombin complex and prothrombin fragment, increase within minutes of initiating CPB, further increase following discontinuation of CPB, and persist for up to 60 days after surgery (14–17). Heparin concentrations, antithrombin III levels, and activated coagulation time are not associated with thrombin generation (10, 18).

Activated factor XII, thrombin, kallikrein, and products of fibrinolysis potentiate the inflammatory response. Activated factor XII and kallikrein stimulate neutrophil aggregation and degranulation. Thrombin induces endothelial cells to express receptors to facilitate neutrophil binding. Fibrinogen fragment D (D-dimer) disrupts the integrity of endothelial cells and stimulates continued complement activation.



2.2 Complement activation

Contact activation by biomaterials is a critical inciting event to downstream generation of humoral mediators through its activation of the alternative complement pathway. The CPB circuit lacks inhibitors normally found on endothelial cells that limit cofactor C3 binding and activation. This contact activation, potentiated by kallikrein, leads to activation of C3 and C5 (19). Their active split products, C3a and C5a, are anaphylatoxins that are potent chemoattractants (20). Their activity is mediated by complement receptor type 1 (CR1), a transmembrane glycoprotein expressed on leukocytes that regulates complement pro-inflammatory activity while inhibiting other complement pathways. C3a is a potent stimulator of platelet aggregation. There is a significant rise in plasma C3a levels with CPB associated with its duration (2), which is not observed when CPB is avoided (19, 21–26). C5a avidly binds to neutrophil receptors (19, 24, 27, 28) thereby stimulating them to be chemotactically drawn to sites of C5a production (29, 30), aggregate and adhere to endothelial cells (31–33), degranulate to release proteases (29, 34), and produce ROS (35). C5a levels are more difficult to directly measure as C5a is internalized rapidly upon binding to neutrophil receptors, but several studies have shown decreased available C5a receptors and increased levels of terminal complement complex C5b-C9, which provide evidence for C5a generation during CPB (28, 36).

Endotoxin is a powerful activator of the alternative complement pathway, with a smaller role in activating the classical complement pathway (25). Endotoxin, or lipopolysaccharide Lipid A, arises from cell walls of gram-negative bacteria and is released upon disruption of their cell walls. They may appear in circulation during CPB due to contamination of CPB circuitry, pulmonary arterial catheters, intravenous fluids, or banked blood production. The primary mechanism for endotoxemia, however, is due to splanchnic hypoperfusion and vasoconstriction during aortic cross-clamping and resultant transient gastrointestinal bacterial translocation (37–40). Transient ischemia and laminar flow in the gut increases intestinal permeability (37, 41), facilitating endotoxin release into circulation (42). Here, endotoxin can activate complement and stimulate production of inflammatory cytokines (43, 44). Endotoxin circulates in plasma by binding to LPS-binding protein. This complex binds to CD14 receptors on macrophages, enhancing TNF-α production (25, 45, 46). Endotoxin also stimulates endothelial cells to produce IL-6 (43). Levels of circulating endotoxin rise during and after CPB (25, 40, 42, 47–50), and are correlated with duration of aortic cross-clamping during CPB (48). Elevated LPS levels lead to myocardial dysfunction (46). Increased endotoxin levels in children with congenital heart defects undergoing CPB are associated with increased mortality after CPB (51).

CPB induces the classical complement pathway through contact activation (activated factor XII and plasmin) and heparin reversal with protamine, as evidenced by increased levels of the terminal complex C5b-C9, C3a, and C4a (27, 28, 52, 53). This further augments levels of C3a and C5a. The extent of complement activation has been correlated with duration of CPB (19). It remains unclear whether complement activation portends worse outcomes. While higher levels of C3a have been reported in those requiring prolonged mechanical ventilation, other groups have failed to identify a correlation between complement activation and acute lung injury or adverse hemodynamic responses (54–56). Equivocal findings may be due to the difficulty of parsing out the role of the complement system in the context of the complex inflammatory response associated with CPB (57).



2.3 Conversion to laminar flow

Following initiation of CPB, physiologic pulsatile aortic flow is converted to continuous laminar flow. Endothelial cells sense mechanical stresses through their attachments to the basement membrane and through membrane proteins on their luminal surface. Changes in mechanical stresses result in changes in downstream transcription of genes regulated by promoter regions containing shear stress-responsive elements. Conversion from pulsatile to laminar flow may induce expression of genes related to a pro-inflammatory phenotype. One group showed differential gene expression was responsible for a quiescent endothelial phenotype (lung Kruppel-like factor) after endothelial cells were exposed to pulsatile or laminar flow (58). Antioxidant proteins, including thioredoxin reductase and ferritin, were among shear-regulated gene products. Other studies have shown Mn2+- and Cu2+/Zn2+-superoxide dismutase to be shear-regulated as well (59). Reduced activation of transcription factor NFκB and expression of pro-inflammatory cytokines, including IL-6, TNF-α, and IL-1 (60, 61) as well as decreased endothelial activation (62, 63) in the group undergoing pulsatile perfusion compared to the group undergoing non-pulsatile perfusion has been described.



2.4 Oxidative stress

Free radicals are molecules with unpaired electrons that render them highly reactive. ROS are free radicals derived from oxygen, and can be formed by activated neutrophils during their cytotoxic oxidative burst as a response to C5a stimulation (64–66). Exposure of blood to material of the CPB circuit as well as ischemia-reperfusion both generate various ROS implicated in oxidative damage, including superoxide anion, hydrogen peroxide, hydroxyl radical, peroxynitrite, hypochlorous acid, and singlet oxygen. Natural defense mechanisms to neutralize ROS and restore balance (redox state) include enzymes and free radical scavengers. Antioxidant enzymes include superoxide dismutase, glutathione peroxidase, and catalases. Mitochondrial scavenger complexes integrate thioredoxin and peroxiredoxin proteins (67–70). Should the body's detoxifying capacity be outstripped, ROS can cause direct damage to endothelial cell and fibroblast membrane lipids compromising membrane integrity, render proteins dysfunctional, induce nucleic acid damage that results in downstream changes in transcriptional programs via NFκB modulation, and provide positive feedback to inflammatory cascades.

Direct measurement of ROS is difficult given its short half-life and highly reactive properties, but indirect methods via measurement of more stable intermediates have shown increased ROS activity during and after CPB (24, 71–74). The onset of CPB and aortic cross-clamping creates transient ischemia, subjecting the myocardium and other organs to direct hypoxic cellular damage. CPB itself may induce generation of ROS in the area drained by the inferior vena cava (73, 74) as well as systemic oxidative stress (75). Reperfusion occurs upon removing the aortic cross-clamp, which generates further oxidative stress through recruitment of activated neutrophils to post-ischemic tissue. Following reperfusion, ROS may impair nitric oxide (NO) availability and predispose myocardial vessels to spasm and thrombose (76–78). A correlation has also been observed between timing of lipid peroxidation and degree of complement activation (24). Hypothermia may also influence ROS production by altering neutrophil-endothelium interactions during CPB (79–82).



2.5 Cytokines

Cytokines are another major group of humoral mediators that play a central role in inflammation and cell signaling. The body produces cytokines constitutively whereby subsets of immune cells maintain baseline levels of cytokines under normal conditions. Cytokines must bind cell membrane receptors to exert their effects, and the action of one or more cytokines is necessary to mount an immune response. These molecules form an intricate network in the development of inflammation, as the production of one cytokine influences the synthesis or response of others. The overlapping actions of different cytokines can be explained by both pleiotropy (single cytokine: multiple effects) and redundancy (multiple cytokines: same effect). The ability of certain cytokines to signal via more than one type of receptor complex also contributes to their pleiotropic actions wherein separately activated pathways contribute to distinct downstream effects. Simultaneously, redundant actions of cytokines allow for signal amplification; different cytokine receptors with similar motifs mediate coupling to other processes, ultimately leading to activation of converging inflammatory pathways in potentiating the immune response.

Broadly, cytokines include tumor necrosis factor, interleukins, interferons, and several growth factors. The production and release of cytokines is induced by complement factors and their degradation products during CPB-related acute phase reaction. A number of other factors may also contribute, including endotoxin, oxidative stress, ischemia-reperfusion, and effects of cytokines themselves. While cytokines are generally considered to be products of mature leukocytes, their secretion may be modulated by other cell types, including platelets and endothelial cells (83–90). The degree of the inflammatory response is strongly influenced by the balance between pro-inflammatory (TNF-α, IL-1, IL-6, and IL-8) and anti-inflammatory (IL-10) cytokines (3).


2.5.1 Tumor necrosis factor α (TNF-α)

Tumor necrosis factor α (TNF-α, or cachectin) functions within a complex and tightly regulated cytokine network. It has a role in orchestrating the inflammatory response by inducing expression of other pro-inflammatory cytokines (IL-1 and IL-6) as well as increasing its own production. It functions in cell signaling through interactions with p55 and p75 receptors localized to the myocardium (91). It induces nitric oxide synthase and therefore increases concentrations of nitric oxide following CPB. It usually peaks shortly after surgery and then undergoes rapid degradation, but excessive production may lead to organ dysfunction. In the lung, it induces apoptosis and has been implicated in pulmonary complications. Infusion of antibodies to TNF-α prevented pulmonary edema, improved oxygenation, and significantly reduced markers of inflammation (neutrophil count, plasma TNF-α levels, malondialdehyde concentrations) in a rabbit model (92). TNF-α has been implicated in renal dysfunction as it induces fibrin deposition in the kidney glomerulus, promoting cell infiltration and vasoconstriction, thereby reducing glomerular filtration rate (93). TNF-α and IL-1 synergistically suppress myocardial contractility through a mechanism mediated by sphingosine impeding calcium-induced calcium release from the sarcoplasmic reticulum. This may result in low cardiac output, decreased vascular smooth muscle tone, and development of thrombosis, thereby contributing to dysfunction and hemodynamic instability after CPB (46, 94–96). Trends in TNF-α levels following CPB are variable, as some studies have shown increased levels while others have failed to demonstrate this. Additionally, inter-individual differences in TNF-α production may be attributed to genetic variability (97). In contrast to other cytokines (i.e., IL-6), there is no evidence that indicates TNF-α is released in large amounts following CPB (98).



2.5.2 Interleukins

Interleukins (IL) comprise a broad group of cytokines that function as intermediaries between different leukocytes and regulate various stages of the inflammatory response. IL-1 is an endogenous pyrogen. Levels of IL-1β usually increase after CPB, but this cytokine is difficult to detect due to hemodilutional effects of CPB. The IL-1 response pattern is consistent with its role as a key mediator of inflammation, both through its synergistic actions on TNF-α as well as its induction of other pro-inflammatory cytokines, including IL-6. IL-6 is a pleiotropic cytokine role that chiefly coordinates the acute phase reaction. It also induces the expression of adhesion molecules on cardiac myocytes to facilitate neutrophil adhesion, inhibits apoptosis in various cell types, enhances antibody production by activated B lymphocytes, and has negative inotropic effects on cardiac myocytes through induction of local nitric oxide release (99–104). In this way, it may be more a precise marker for progression of inflammation after CPB. A marked increased in IL-6 occurs during CPB, peaking within a few hours following CPB (105, 106), with a gradual decrease toward preoperative levels within 24 h (28). Peak IL-6 concentrations were a function of aortic cross-clamping duration. This characteristic trend in IL-6 levels has been observed in the setting of bubble and membrane oxygenators (105), after hypothermic and normothermic CPB (107), and with and without heparin-coating CPB circuitry (28). The magnitude of increase in IL-6 levels was positively correlated with duration of CPB but not duration of aortic cross-clamp time (108). In the pediatric population, duration of CPB and aortic cross-clamp time were attributed to pronounced postoperative inflammation, with only a modest influence of the degree of hypothermia (109). Rise in IL-6 after CPB has been correlated with increasing age, as those older than seventy years had a greater increase in plasma IL-6 levels during ischemia and reperfusion than their younger counterparts (110). Postoperative IL-6 levels are significantly higher in patients with complications compared to those without (111). Increased levels of IL-6 have been associated with myocardial dysfunction and wall motion abnormalities (112, 113), while effects on hemodynamics are less clear (114). Rise in IL-6 has not been correlated with complement activation.

IL-8 is a potent chemotactic agent involved in the homing of neutrophils and macrophages sites of inflammation (115). It may also play a role in ischemia-reperfusion injury, as postoperative cardiac troponin-I levels correlate strongly with IL-8 levels in patients following coronary artery bypass grafting (CABG) (116, 117). It has been implicated in precipitating vascular damage, particularly in the lungs and kidneys. Increased levels of IL-6 and IL-8 following CPB have been reported (81, 106, 107, 113, 118–123), and correlate with duration of cardiac ischemia during CPB and regional wall motion abnormalities (113, 118).

IL-10 has anti-inflammatory properties via its downregulation of pro-inflammatory cytokine synthesis by type 1 T helper cells, neutrophils, and monocytes (124–126). It has been associated with decreased production of TNF-α, IL-1, IL-2, and interferon-γ, ROS and nitric oxide derivatives (124, 127, 128). While several pro-inflammatory cytokines (TNF-α, IL-6, and IL-8) have been shown to originate from myocardium (120, 121, 129), the liver has been shown to be the primary source of IL-10 in patients undergoing CPB (120, 121, 130, 131). Rapid and transient secretion of IL-10 has been noted following CPB (132, 133). In vivo kinetics of IL-10 release are similar to those observed in murine endotoxemia experiments following lipopolysaccharide challenge but contrast with in vitro data from human monocytes following lipopolysaccharide stimulation (134, 135). IL-10 produced during CPB may represent an in vivo regulatory mechanism for controlling activation of cells that synthesize pro-inflammatory cytokines.

There are several caveats in relating serum cytokine levels associated with CPB to organ dysfunction. Plasma concentrations often do not reflect local effects. Several cytokines may also avidly bind to other plasma proteins, leading to inaccurate detection. Inter-individual genomic differences also contribute to heterogeneity in cytokine levels, and have implications for identifying therapeutic targets and developing preventative strategies that can be broadly applied. Genetic variants of promoter regions encoding IL-6 (−174 G/C polymorphism, −572 G/C polymorphism), TNF-α (308 G/A polymorphism), and antioxidant response elements (NQO1) have been linked to increased cytokine production and postoperative complications (136–142). A prevalent single-nucleotide polymorphism (SNP) of the gene encoding IL-18 was shown to be associated with increased TNF-α levels and decreased IL-10 levels. Apolipoprotein E4 allele has been correlated with increased IL-8 and TNF-α generation and decreased IL-10 levels, with a speculated link to postoperative cerebral injury (143–145). While the A allele of this SNP was associated with 30-day and 50-year mortality in the INFLACOR study, post-hoc analysis revealed the C allele of −572 G/C polymorphism to be significantly associated with reduced benefit of prophylactic administration of dexamethasone on postoperative IL-6 levels compared to the G allele. Its effects on C-reactive protein (CRP), however, did not appear to be genotype-dependent. These genomic differences pose a challenge to randomized controlled trials (RCTs) evaluating clinically relevant responses to prophylactic measures. Second-generation studies, including genome-wide association studies (GWAS), may be able to more completely evaluate genotype-phenotype relationships.




2.6 Cellular immune activation

CPB-induced cellular immune activation plays a key role in the ensuing inflammatory response (146). Recruitment of immune cells is mediated by upregulation of cytokines, chemokines, complement system proteins, and adhesion molecules, including selectins and integrins (147). Primary adhesion occurs when freely moving neutrophils are converted to the “rolling” state following upregulation of P- and E-selectin on endothelium and upregulation of L-selectin on neutrophils. This leads to neutrophils initially traveling in the center of postcapillary venules to tumble along endothelial walls endothelium-neutrophil selectin interactions. C5a, which is released in response to contact activation during CPB, is a potent stimulator of endothelial P-selectin expression (148). E-selectin subsequently replaces P-selectin on endothelium to maintain primary adhesion. Secondary adhesion of neutrophils is mediated by integrins. Integrins CD11a/CD18 and CD11b/CD18 are expressed by neutrophils; IL-8 and C5a are potent stimulators of CD11b/CD18 expression on neutrophils (147, 149, 150). Activated integrins bind adhesion molecules on endothelium (intercellular adhesion molecule-1 and intercellular adhesion molecule-2) and extracellular matrix elements including fibrinogen (147). Both selectins and integrins have been shown to increase following CPB (150). Transmigration of neutrophils follows secondary adhesion (151). CD11b/CD18 binding to endothelium during secondary adhesion and transmigration primes neutrophils to degranulate and undergo respiratory burst for up to 24 h following CPB (49, 147, 151). Elastase, myeloperoxidase, and ROS released from neutrophils result in cytotoxic damage to endothelium and tissues (49, 66, 151). Modulation of adhesion, transmigration, and neutrophil priming is heavily influenced by platelet-activating factor, IL-8, and C5a (147, 152). Normalization of C5a levels limits the extent of CPB-induced inflammatory response (149). Increased secretion of monocyte chemoattractants leads to upregulation of selectins and integrins and further activation of circulating monocytes and macrophages. Naïve monocytes and granulocytes are hyperstimulated following exposure to post-CPB plasma. Impaired oxidative burst and phagocytic activity have been observed 48 h following CPB, suggesting a biphasic course characterized by early tissue cytotoxicity and late neutrophil dysfunction (146, 153, 154).

Clinically, increased cellular immune activation leads to pulmonary leukocyte sequestration that has been associated with severe histologic lung injury (155, 156). Inhibition of CD11/CD18 expression or function improves myocardial function following CPB, and neutrophil adhesion blockade reduces pulmonary injury during CPB (157–159). Reduction of circulating activated leukocytes has been associated with reduced organ injury (160).



2.7 The endothelium and glycocalyx degradation

The endothelium is central to inflammatory pathophysiology following CPB (161). The endothelial glycocalyx protects the endothelial cell monolayer and is composed primarily of transmembrane heparan sulfate and syndecan proteoglycans. The glycocalyx plays important roles in leukocyte and platelet adhesion following immune activation, vascular permeability facilitating leukocyte transmigration, and regulation of the coagulation cascade on the luminal endothelial surface (161–163). Following CPB, activated metalloproteinases and TNF-α induce shedding of syndecan-1 and heparin sulfate from the glycocalyx; increased plasma levels of these glycocalyx breakdown products following CPB initiation have been extensively documented (164–170). Membrane-bound syndecan-1 reduces cytokine production while soluble syndecan-1 results in neutrophil activation and monocyte chemotaxis (171–173). Pro-inflammatory IL-6 and IL-8 levels at two timepoints (preoperatively and 6 horus postoperatively) and anti-inflammatory IL-10 have been correlated with CPB-induced inflammation (174). Syndecan-1 levels have been shown to prognosticate acute kidney injury following CPB in children though levels vary widely between patients and do not correlate intraoperatively (174, 175).




3 Strategies to modulate CPB-associated inflammatory response

Innovations and potential therapeutic targets have been investigated to better modulate the inflammatory response to CPB. The main challenge remains to balance mitigating the effects of excessive inflammation and immune activation while still preserving host defenses and wound healing (176). The most clinically effective way to curb CPB-associated inflammation involves targeting multiple inflammatory mediators simultaneously using a combination of surgical, pharmacologic, and mechanical pump approaches as no single intervention is supported by strong level A evidence (Figure 3). Interventions with level A evidence include off-pump surgery, miniaturized CPB circuits, coated circuits to improve biocompatibility, leukocyte filtration, complement (C5) inhibition, preoperative aspirin, and corticosteroid prophylaxis. Interventions with level B evidence include, but not limited to, hemofiltration, aprotinin, nitric oxide donors, C1 esterase inhibition, neutrophil elastase inhibition, N-acetylcysteine, and intensive insulin therapy (177). The precise combinations of studied interventions tailored to specific patient populations have yet to be determined.
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FIGURE 3
Multimodal approach to attenuating CPB-associated inflammation. COX, cyclooxygenase; PDE, phosphodiesterase. Figure created using Biorender.com.



3.1 Non-pharmacologic strategies


3.1.1 Coated CPB circuits

Heparin-coated circuits improve biocompatibility of the extracorporeal circuit, and translation into clinical benefit has been demonstrated in certain populations (178, 179). Heparin molecules bound to the surface of the CPB circuit resemble heparin sulphate glycosaminoglycans on endothelial cells and reduce direct contact of blood with the otherwise artificial, nonendothelial material lining the CPB circuit. These coated circuits improve biocompatibility through various mechanisms. Heparin-coated circuits reduce cytokine release, complement activation in vivo and in vitro, kallikrein, and leukocyte activation (180–184). They have been shown to reduce platelet adhesion and improve platelet function, as well as inhibit the release of pro-inflammatory cytokines TNF-α, IL-6, IL-8 as well as soluble TNF receptors (180, 185–187). Significant reduction in mean concentrations of polymorphonuclear (PMN) elastase and soluble C5b-9 (p < 0.001 and p = 0.006, respectively) at one hour following initiation of CPB have been reported. Heparin coating also reduced postoperative blood loss (188–190). An RCT conducted in the Netherlands showed reduced complement activation that correlated with improved clinical performance scores in patients who underwent CPB with heparin-coated circuits in combination with full systemic heparinization (191). A large, multicenter RCT demonstrated improved clinical outcomes, shorter length of stay (hospital and ICU), and decreased respiratory and renal dysfunction in high-risk patients (192). A meta-analysis of 41 RCTs showed heparin coating was associated with 40% reduction in re-sternotomy rates (p = 0.002) and 20% reduction in patients requiring blood transfusion but no significant difference in 24-h blood loss or adverse events. Heparin coating reduced average ventilation time by 80 min, ICU length of stay by 9 h (p < 0.001), and average hospital length of stay by 0.5 days (p = 0.02) (193). In cardiac reoperations, use of heparin-coated circuits with full systemic heparinization was associated with decreased rates of reoperation for bleeding (p = 0.058) and lower blood transfusion requirement (p = 0.035) without significant difference in adverse events (189).

A study investigating heparin-coated circuits with administration of reduced systemic heparin dose showed decreased intraoperative platelet counts, maximal intraoperation concentrations of platelet factor 4 and PMN elastase, as well as 12-h blood loss with heparin-coated circuits but no difference adverse events or 30-day mortality (190). A departmental analysis revealed patients undergoing CPB with heparin-coated circuits received lower dose of systemic heparin, showed improvements in clinical parameters, and had a decreased rate of adverse events (10%, p = 0.035) compared to their counterparts (194).

Heparin-albumin and polymer-coated circuits as well as phosphorylcholine-coated circuits have been shown to induce fewer inflammatory responses and oxidative stress compared to other circuits (195, 196). However, heparin-coated circuits are associated with better preservation of endothelial glycocalyx compared with phosphorylcholine-coated circuits (197). An RCT investigating albumin-coated circuits in patients undergoing aortic arch replacement with deep hypothermic circulatory arrest showed mitigation in platelet reduction as evidenced by decreased transfusion requirement but no effect on platelet dysfunction (198). A study investigating hyaluronan-based heparin-coated circuits in various risk cohorts showed improved platelet preservation and better perioperative outcomes; ventilation time, hemorrhage, and degree of inflammation were reduced in high-risk groups, which translated to shorter ICU and hospital length of stay (p = 0.001 and p = 0.006, respectively) (199). New data is still emerging for pediatric populations. A randomized pilot study recently demonstrated application of new ternary polymer, SEC-1 coat™ in pediatric cardiac operations improved biocompatibility with regard to platelet preservation and attenuated coagulation activation and overall inflammatory reaction (200). Another study showed no purported benefit in improving coagulation derangements during pediatric CPB as assessed by primary endpoint of concentration of β-thromboglobulin across all time points, as well as secondary endpoints of other markers of coagulation and platelet function (201).

Multiple studies found reductions in inflammatory markers, marginal improvement in biocompatibility, but minimal or no correlation with improved outcomes (202, 203). One such study showed reduced complement activation and synthesis of pro-inflammatory cytokines but no significant differences in fibrinolysis, platelet activation, time to hemostasis, postoperative blood loss at 12 h, total blood transfusion requirement, or intubation time (202). Another multicenter trial similarly found decreased complement activation but no association with release of specific neutrophil granule enzymes, myeloperoxidase, lactoferrin, or clinical outcome (203). A multimodal approach incorporating heparin-coated circuits, high-dose aprotinin, and pre-CPB hemofiltration reduced inflammatory response and improved clinical outcomes in high-risk patients (179).

Overall, heparin-coated circuits and newer third-generation heparin-polymer-coated circuits induce fewer inflammatory responses and are associated with improved outcomes and, therefore, justify their additional cost. Newer third-generation circuits preserve platelet function and improve perioperative outcomes, including reduced blood loss, reoperation rates, ventilation, time, and length of stay.



3.1.2 Hemofiltration

Hemofiltration, or ultrafiltration, removes excess fluid and low-molecular-weight substances from plasma through a hydrostatic pressure gradient. It has been shown to improve hemodynamic parameters, cardiac and pulmonary function, and reduce inflammation with greatest benefit in pediatric patients. It has been associated with reduced levels of TNF-α, IL-1, IL-6, IL-8, C3a, and myeloperoxidase levels postoperatively in this population (204–208). Clinical benefits include improved hemodynamic stability and early postoperative oxygenation and decreased postoperative blood loss and duration of mechanical ventilation. It has been associated with decreased endothelin-1, potentially explaining improvement in pulmonary hypertension following congenital heart surgery (204, 206, 207, 209–211). Modified ultrafiltration has been associated with improved left ventricular systolic function and diastolic compliance, increased blood pressure, and reduced inotropic drug administration in the early postoperative period in infants (212–214). Hemofiltration has shown less clinical advantage in adults as it is less effective in removing pro-inflammatory cytokines (215). However, modified hemofiltration has been associated with decreased early morbidity, postoperative bleeding, and blood transfusion requirements in adults and its use was not associated with hemodynamic instability in adults (215–217).



3.1.3 Leukocyte filtration

Activated leukocytes form the first line of defense against foreign substances and are critical players in potentiating the inflammatory response. Leukocyte-specific filters that trap activated neutrophils and monocytes implicated in SIRS attenuate inflammation and oxidative stress and have been associated with improved outcomes in the immediate postoperative period (218–222). Filters decrease concentrations of circulating platelets and leukocytes by interfering with endothelial-mediated leukocyte activation and subsequent neutrophil transmigration. This effectively decreases the endothelial-mediated component of the CPB-associated inflammatory response.

Leukocyte filtration may limit postoperative myocardial and pulmonary dysfunction following CPB. Results of a prospective randomized study showed patients undergoing coronary revascularization had decreased total leukocyte counts during and after CPB, and significantly decreased activated leukocyte counts at all timepoints. The rate of alveolar exhaled NO production and alveolar-arterial oxygenation index were significantly increased in the control group, where NO was a marker for lung inflammation. Leukocyte depletion was also associated with lower pro-inflammatory cytokine (IL-6 and IL-8) burst postoperatively in those with normal preoperative oxygenation capacity. There were no differences in intubation time, ICU, or hospital length of stay (223–226). Though, as expected, the rate of alveolar NO production increased in both groups following CPB, absolute NO production was shown to be lower with leukocyte depletion, suggesting filtration may be lung-protective. Leukocyte depletion at early reperfusion in those with limited preoperative oxygenation capacity (mild lung dysfunction and chronic obstructive pulmonary disease) and with increased duration of CPB time was associated with improved oxygenation, shorter intubation time, and shorter ICU and hospital length of stay (227, 228). Filtration may improve postoperative lung function by mitigating pulmonary reperfusion injury. Leukocyte depletion of residual blood prior to re-transfusion also improved lung function. In patients undergoing urgent CABG for unstable angina, leukocyte depletion of re-transfused blood and during CPB reduced markers of myocardial injury, whereas leukocyte depletion did not confer clinical benefit in low-risk patients (229). In patients with decreased left ventricular function, leukocyte depletion of blood cardioplegia alone improved early myocardial function and attenuated myocardial injury (160, 230). In those with left ventricular hypertrophy undergoing valve surgery, terminal blood cardioplegia reduced myocardial injury and improved heart function (231, 232). A large-scale clinical trial showed reduced overall 60-day mortality with leukocyte depletion of transfused blood, mainly attributed to reduction in noncardiac causes of death including multisystem organ failure. In those who received greater than 3 units of blood, postoperative infection rate was lower with leukocyte depletion (233). More recently, a study showed preoperative neutrophil response to in vitro stimuli may predict clinical outcome following CPB, but leukocyte filtration did not offer significant benefit (234).

Leukocyte depletion may provide renal protection. A prospective randomized study of in 40 patients undergoing CABG showed leukocyte filtration decreased indices of glomerular and tubular injury, namely microalbumin/creatinine ratio, urinary excretion of microalbumin, and retinol-binding protein (235). Filtration of neutrophils containing myeloperoxidase decreased apoptosis, caspase-3 activity, and IL-1β activation and effectively improved post-ischemic renal function and structure in a porcine model of isolated kidney perfusion (236).



3.1.4 Cytokine adsorption

Extracorporeal blood purification through hemoadsorption utilizes biocompatible highly porous nonpolar polymer sorbent beads to sequester hydrophobic cytokines based on size exclusion and concentration-dependent surface adsorption throughout the beads. Nonspecific adsorptive characteristics allow for reduction in circulating pro-inflammatory cytokines, sequestration of free hemoglobin and bilirubin, and fortifying the endothelial glycocalyx. Clinical benefits include improved hemodynamic and metabolic stabilization postoperatively. No adverse effects of hemolysis or leukocyte removal have been reported. The first RCT investigating hemoadsorption with Cytosorb in cardiac surgical patients found prolonged anti-inflammatory IL-10 effect in the treatment group (237). A trial at a single center in Switzerland showed neither increased nor decreased cytokine levels (pro- or anti-inflammatory) with use of Cytosorb (238). Results showed no change in relevant clinical outcomes though the procedure was both feasible and safe. The REFRESH 1 pilot RCT showed Cytosorb signgicantly reduced C3a and C5a, as well as plasma-free hemoglobin during valve replacement operations (239). When comparing hemoadsorption to glucocorticoids, methylprednisolone was shown to more effectively reduce inflammatory markers (IL-6, TNF-alpha, and IL-8) though no differences in cardiac index or parameters of clinical outcomes were reported (240, 241). An RCT investigating intraoperative hemoadsorption showed clinical benefit as evidenced by reduced incidence of severe acute respiratory distress syndrome and a trend toward shorter ventilation times (242).



3.1.5 Temperature

Studies comparing the acute phase reaction associated with normothermic vs. hypothermic CPB have conflicting results. This is due in part to inconsistent definitions of hypothermia. Hypothermia has been shown to delay but not completely prevent the expression of inflammatory mediators as increased levels of adhesion molecules and leukocyte proteolytic enzymes were seen at 34°C compared to moderate hypothermia (26°C–28°C) (80–82). Still other studies have shown no difference between patients randomly assigned to undergo CPB at various temperatures: > vs. 27-° in one study; 28°C, 32°C, vs. 37°C in another study (243, 244). Increased levels of NO were seen with CPB at 34°C when compared to CPB at 28°C, resulting in reduced systemic vascular resistance (245). A prospective randomized study in patients undergoing valve operations showed those undergoing normothermic CPB had similar levels of myocardial protection as measured by dynamics of troponin I while those undergoing hypothermic CPB benefitted from significantly lower ventilation times (p = 0.01) (246). A study investigating 262 different proteins using high-throughput technology showed deep hypothermic circulatory arrest (DHCA) and rewarming potentially exert a significant effect on the plasma proteome in patients undergoing aortic operations as evidenced by suppression of complement activation during hypothermia. These findings were confirmed by changes in terminal complement complex (C5b-9) levels. Following rewarming, however, these levels of terminal complement complex were more increased with DHCA than with normothermic CPB while 48 other proteins were significantly downregulated (247). In patients with left ventricular dysfunction, normothermia was found to enable decreased requirement for defibrillation after aortic unclamping and postoperative cardiac pacing, translating to improved myocardial protection. Normothermia had no effect on development of postoperative stroke, atrial fibrillation, renal failure, or mortality (248). A large-animal study recently showed hypothermic CPB attenuated platelet degranulation and coagulopathy and better maintained oxygenator performance in swine (249). Several RCTs studying pediatric populations showed normothermic CPB as noninferior to hypothermic CPB with endpoints including inotrope duration, intubation time, hospital stay, and early neurodevelopmental outcomes in low-risk populations (250, 251).



3.1.6 CPB pumps and oxygenators

Studies evaluating the potential benefit of pulsatile pumps have not yielded conclusive results regarding clinical outcomes. Few studies have reported reduced levels of endotoxin and other pro-inflammatory mediators while other studies have not. Routine use of centrifugal pumps for CPB has not shown clear clinical advantages compared to roller pumps, and in fact several studies have showed increased levels of anaphylatoxins, pro-inflammatory cytokines, adhesion molecules, and leukocyte elastase with the use of centrifugal pumps. Radial-flow-patterned oxygenators may limit the extent of inflammation triggered by oxygenators in CPB when compared axial-flow-patterned oxygenators as evidenced by the results of a recent prospective RCT that noted significantly lower levels of humoral inflammatory markers (IL-1, IL-6, and TNF-α) 24 h postoperatively (252). In pediatric patients, controlled reoxygenation during CPB has shown benefit in single-ventricle patients as evidenced by reduced markers of organ damage, inflammation, and oxidative stress when compared to their double-ventricle counterparts (253).



3.1.7 Miniature CPB circuits

Miniature extracorporeal circulation (MECC) systems have been developed to eliminate blood-foreign surface interface, shorten tubing length, reduce priming volume, eliminate venous reservoirs and cardiotomy suction, minimize hemolytic and consumptive effects on blood cells, and maximize blood re-transfusion (254). These systems consist of a centrifugal pump, membrane oxygenator, and arterial filter with all components of the system coated with heparin to optimize biocompatibility. An RCT confirmed a milder induced inflammatory response compared to conventional CPB with reduced levels of IL-6, TNF-α, and elastase release. A more recent RCT also showed reduced migration inhibitory factor levels associated with MECC systems in addition to decreased release of pro-inflammatory cytokines in the immediate postoperative period. This overall reduction correlated with decreased blood transfusion requirement and shorter mechanical ventilation time on bypass (255). The initially reduced levels of inflammatory markers seen with MECC may not be sustained throughout the postoperative period. An RCT investigating type 2 MECC compared to conventional CPB circuit in 50 patients undergoing aortic valve replacement found significantly lower levels of pro-inflammatory markers at 2 h postoperatively (p = 0.013) but no difference at 24 h (p = 0.990) when adjusting for type of oxygenator and hemoglobin. MECC was still associated with shorter perfusion times and less transfusion requirements (256). A small prospective RCT showed decreased IL-6, decreased hemolysis peaks as evidence by plasma-free hemoglobin levels, higher cardiac index and reduced pulmonary vascular resistance within 30 min postoperatively associated with MECC (257). However, these differences were not significant, and larger prospective RCTs are lacking. Normothermic CPB using MECC systems may be beneficial for perioperative preservation of pulmonary function and hemostasis in low-risk patients (258). These systems offer a promising minimally invasive approach to CPB.



3.1.8 Minimally invasive and off-pump cardiac surgery

Advances in minimally invasive cardiothoracic surgery, including laparoscopic and thoracoscopic operations, allow for comparable outcomes while avoiding a full median sternotomy. The reduced size of surgical incisions significantly decreases the inflammatory response, but these approaches have not infrequently been associated with increased duration of CPB and aortic cross-clamping time. These results have been seen with minimally invasive valve operations as well as minimally invasive pulmonary embolectomy. While ventilator time and ICU length of stay were similar, minimally invasive operations resulted in decreased overall hospital length of stay by almost 5 days (259). In a retrospective analysis comparing video-assisted thoracoscopic surgery (VATS) vs. open operation for mitral valve disease, VATS was associate with longer duration of CPB and aortic cross-clamping but decreased ventilation time and ICU length of stay. Clearance of lactate was increased while levels of pro-inflammatory C-reactive protein, neutrophil-lymphocyte ratio, and cardiac troponin levels were significantly decreased at 24 h postoperatively in those undergoing VATS (260). These results suggest a totally thoracoscopic approach may be superior to conventional median sternotomy with regard to extent of inflammatory reaction, cardiac injury, and postoperative recovery (260).

Miniature aortic valve replacement (mini-AVR) has been evaluated in recent studies. A prospective RCT showed minimal difference in operative time on CPB, cross-clamp time, and overall operating time when evaluating patients undergoing AVR through median sternotomy compared to right anterolateral thoracotomy (261). However, cosmesis and patient satisfaction were significantly higher with reduced length of incision associated with thoracotomy approach. Ministernotomy for AVR has been associated with significant reduction in intraoperative blood loss compared to counterparts undergoing median sternotomy, though transfusion requirements were unchanged (262). This same prospective randomized study also reported no difference in respiratory function between the two groups, which was supported by results of another prospective RCT comparing outcomes in patients undergoing AVR with partial upper sternotomy vs. median sternotomy (263). This study also found the minimally invasive approach did not affect neurological outcomes or myocardial protection. In contrast, a separate randomized trial showed reduced transfusion requirement, shorter ventilation times, greater sternal stability, improved respiratory function, and earlier extubation and hospital discharge with ministernotomy AVR compared to median sternotomy approach (264).

Off-pump cardiac surgery has been attributed to reduced postoperative SIRS, but operative trauma, regional ischemia/reperfusion injury, and endotoxin release induced even in the absence of CPB and aortic cross-clamping may contribute to postoperative biological derangements and clinical morbidity. The endothelium has been increasingly implicated in multiorgan dysfunction following cardiac surgery, particularly in relation to hemostasis and oxidative stress. In a randomized clinical trial, patients undergoing off-pump cardiac surgery experienced reduction in systemic inflammatory response as measured by decreased plasma TNF-α, IL-10, myeloperoxidase, but avoiding CPB and aortic cross-clamping did not alter circulating levels of endothelial adhesion molecules (265). Differences between on-pump and off-pump cardiac surgery in this context have been limited to the final steps of the operations and early hours thereafter, suggesting that global surgical trauma may play a more important role in activation of systemic inflammatory and coagulation-fibrinolytic pathways (266). Complement activation and release of IL-8 is dependent on extracorporeal CPB circuit, while release of products of endothelial and leukocyte activation are temporally similar but decreased in magnitude in off-pump cardiac surgery. A procoagulant state and no rise in anti-inflammatory IL-10 following off-pump cardiac surgery may offset other benefits. Neurocognitive decline and pulmonary function outcomes following off-pump cardiac surgery are variable (267).




3.2 Pharmacologic strategies


3.2.1 Aprotinin

Serine proteases comprise a large portion of effector proteins downstream of pro-inflammatory cytokines, complement activation, and hemolytic cascades. As these proteins amplify the inflammatory reaction, serine protease inhibitors have been investigated as potential therapies to mitigate excessive inflammation. Aprotinin is one such inhibitor and is perhaps one of the most well-studied. Aprotinin dually functions as an inhibitor of thrombin generation via the intrinsic pathway and has also been shown to preserve cellular junctions and reduce myocardial edema following cardioplegia and regional ischemia (268, 269). Its use has been previously associated with reduced intraoperative blood loss, while higher dosages may suppress the inflammatory response (270–272). These effects include attenuation of platelet activation, maintenance of platelet function, decreased complement and leukocyte activation, inhibition of kallikrein production, inhibition of endogenous cytokine-mediated NOS induction, inhibition of upregulation of adhesion molecules, and reduced release of several pro-inflammatory mediators (TNF-α, IL-6, and IL-8) (9, 150, 273–278). High-dose aprotinin has been associated with reduced post-CPB inflammation, myocyte damage, myocardial ischemia, and hospital length of stay in high-risk patients (7, 279, 280). High-dose aprotinin has also been associated with increased pro-inflammatory 8-isoprostane levels in the lungs relative to plasma levels. This effect disappeared with low-dose aprotinin, suggesting its action varies in a dose-dependent manner. The effect of high-dose aprotinin in decreasing circulating 8-isoprostane as estimated by lung passage (based on blood sampled from pulmonary and radial arteries) may signify a shift toward an anti-inflammatory milieu (281). Aprotinin may also decrease postoperative pulmonary and cerebral injury. Initial concerns of lower graft patency and renal dysfunction with aprotinin appear unfounded (7, 282). A meta-analysis revealed aprotinin reduced surgical blood loss, blood transfusion requirement, and need for redo thoracotomy. It also decreased perioperative mortality almost twofold without an associated increase in risk of myocardial infarction (270). A large, international, multi-institutional prospective study comparatively assessing the safety profile of aprotinin and lysine analogs (aminocaproic acid and tranexamic acid) use in patients presenting for coronary artery bypass surgery found that patients administered aprotinin had doubled risk of renal failure requiring dialysis, 55% increase in risk of myocardial infarction or heart failure, 181% increase in risk of stroke or encephalopathy, and increased risk of mortality. Neither of lysine analogs studied was associated with increased risk of cardiac, renal, or cerebral adverse events (283) and reduction in blood loss during surgery was similar for all three drugs. The BART study, a blinded RCT comparing aprotinin and lysine analogs in patients undergoing high-risk cardiac operations had to be prematurely terminated due to increased mortality associated with aprotinin, leading to suspended use of aprotinin in these patients (284). Subsequent initiatives that revisited limitations of these studies resulted in resumed use of aprotinin in select patients in both Canada and the European Union, while use of aprotinin in USA is still restricted.



3.2.2 Phosphodiesterase inhibitors

Pentoxifylline is a nonspecific phosphodiesterase inhibitor with various anti-inflammatory effects, including attenuation of TNF-α and endotoxin release, cytokine synthesis, pulmonary leukocyte sequestration and vascular resistance, and reduction in indices of endothelial injury and permeability (285–289). Pentoxifylline was associated with decreased levels of pro-inflammatory cytokines (TNF-α and IL-6). Its use was also associated with improved left ventricular ejection fraction, decreased ICU length of stay, ventilation time, requirement of inotropic agents, and transfusion requirement (290).

Other phosphodiesterase inhibitors have been evaluated in the context of maximizing splanchnic perfusion as a strategy to attenuate excessive inflammation associated with CPB. Milrinone has been associated with reduction in venous and hepatic endotoxin levels, decrease in gastric intramucosal pH, and decreased IL-6 levels postoperatively in otherwise healthy patients undergoing cardiac operations (291, 292).



3.2.3 Corticosteroids

Steroids have potent anti-inflammatory effects, and the mechanisms by which they exert their effects are multifactorial. Preoperative administration of glucocorticoids has been shown to attenuate endotoxin release and complement activation in response to CPB (293–295). Methylprednisolone was associated with decreased levels of postoperative pro-inflammatory mediators IL-6, IL-8, and TNF-α along with increased levels of anti-inflammatory IL-10 and IL-1ra (120, 121, 275, 296–300). Corticosteroids blunted the activation of leukocytes, upregulation of neutrophil adhesion molecules, and sequestration of neutrophils in the pulmonary parenchyma and vasculature (275, 294, 301, 302). Combination treatment of patients with methylprednisolone and aprotinin resulted in improved postoperative indices of cardiovascular, pulmonary, hemostatic, and renal function (303). Low-dose aprotinin had similar effect as methylprednisolone in blunting TNF-α release and neutrophil integrin CD11b upregulation (275). Another study showed methylprednisolone pretreatment was associated with improved cardiac performance and decreased bronchial inflammation post-CPB (275, 300). Short course of methylprednisolone has been shown to reduce incidence of postoperative atrial fibrillation (304). Low-dose methylprednisolone in pump priming solutions attenuated degree of myocardial damage (305). Preoperative plus pre-CPB administration may be superior to pre-CPB administration alone. Methylprednisolone prophylaxis was associated with lower levels of neuron-specific enolase, a biomarker for neuronal damage, suggesting it may be useful in reducing post-CPB cerebral injury (296). Benefits of corticosteroid use for reducing pulmonary inflammation, endotoxemia, and complemented activation are still disputed given the results of more recent RCTs, and differences in dosing regimen, formulation, and timing of administration may partially account for conflicting results. The SIRS trial showed no difference in risk of death or major morbidity between those randomized to receive methylprednisolone or placebo at 30 days postoperatively, while the most common adverse effects in both experimental arms were infectious or delirium-related (306). Overall, a clear benefit attributed to corticosteroid treatment in the setting of CPB remains to be demonstrated (293, 302, 306–310). The need for further studies investigating optimal dosage regimens, characterizing adverse events, and optimizing clinical outcomes cannot be overstated.



3.2.4 Antioxidants and free radical scavengers

Myocardial antioxidant enzymes (including glutathione reductase, superoxide dismutase, and catalase) become activated in proportion to the degree of myocardial ischemia and reperfusion injury, but host antioxidants may become depleted after CPB (311–313). When ROS production exceeds host defense scavenging capacity, cellular injury results (314, 315). Increased preoperative total plasma antioxidant status has been associated with decreased levels of lipid peroxidation, which is directly correlated with indices of myocardial injury (313).

Vitamin C and vitamin E levels decline intraoperatively and remain low over two days postoperatively (316). High-dose vitamin C is an effective scavenger of free radicals and has been associated with decreased membrane lipid peroxidation, indices of myocardial injury, improved hemodynamics, and shorter ICU and hospital length of stay (314, 317). High-dose vitamin E has been associated with decreased plasma hydrogen peroxide concentrations and decreased membrane lipid peroxidation after CPB (26, 314). Prophylactic coadministration of vitamin C, vitamin E, and n-PUFAs (eicosapentaenoic acid:docosahexaenoic acid ratio 1:2) has been associated with reduced incidence of postoperative atrial fibrillation (318).

Allopurinol inhibits xanthine oxidase, a pivotal generator of free radicals during reperfusion injury. Some studies have demonstrated allopurinol reduced myocardial formation of cytotoxic free radicals, decreased myocardial injury, and improved myocardial recovery following CPB (315, 319–322). Other studies showed conflicting results, showing no benefit in myocardial injury or function with allopurinol alone (319, 323, 324). Preoperative supplementation of allopurinol in combination with vitamin C and vitamin E reduced cardiovascular dysfunction in both stable and unstable patients undergoing CABG, with unstable patients sustained lesser degree of myocardial injury and lower incidence of perioperative myocardial infarction (325). Results of other studies, however, have refuted effects of vitamin C and vitamin E supplementation on myocardial injury (326). Use of allopurinol in neonates to improve neurodevelopment following cardiac operations for congenital heart disease is an active area of research as it has already demonstrated benefit in infants with hypoplastic left heart syndrome (327, 328).

Preoperative or intraoperative administration of high-dose N-acetylcysteine, another scavenger of free radicals has been shown to reduced neutrophil oxidative burst response and elastase activity (329–331). N-acetylcysteine improved oxygenation and lung mechanics in patients with known acute lung injury, though no change in rates of progression to acute respiratory distress syndrome was noted (332). Clinical outcomes were not significantly affected with regard to mortality, myocardial infarction, bleeding, transfusion requirements, intubation time, and hospital length of stay (333). Low-dose N-acetylcysteine as an adjunct to cardioplegia reduced myocardial oxidative stress in patients undergoing CABG (334). Modified N-acetylcysteine via preparation with activated carbons to create sustained-release microcapsules demonstrated greater cardioprotection than N-acetylcysteine alone in a rat model of myocardial ischemia-reperfusion (335). In another rat model of CPB, N-acetylcysteine was shown to ameliorate CPB-associated intestinal injury via reduction in inflammation and oxidative stress as measured by decreased levels of intestinal malondialdehyde, TNF-α, IL-6, and serum diamine oxidase (336). A number of studies have recently shown N-acetylcysteine to improve pulmonary, hepatic, and renal outcomes in patients undergoing CPB with and without preexisting pulmonary and renal insufficiency (337–342).

Mannitol pretreatment has been associated with decreased myocardial formation of cytotoxic free radicals following CPB (315).

Post-CPB endothelial dysfunction is in large part mediated by ROS. In this way, free-radical scavengers, antioxidants, and iron chelators represent a potential therapeutic adjunct to mitigate deleterious effects of CPB-associated inflammation.



3.2.5 Monoclonal antibodies, complement inhibition, and inhibition of endothelial cell activation

Another approach for decreasing contact activation and downstream inflammation may be utilizing endogenous soluble complement inhibitors. An RCT investigating a monoclonal antibody to human C5 demonstrated its efficacy and safety in the setting of CPB. Inhibition of synthesis of mediators in complement activation and formation of adhesion molecules in a dose-dependent fashion clinically translated to a reduction in coagulopathy, myocardial injury, and postoperative neurocognitive deficits (343). Compstatin, a peptide inhibitor of complement, completely inhibited heparin-protamine-induced complement activation in vivo in non-human primates without associated adverse events (344).

Other promising strategies for complement inhibition therapy include C1 inhibitor, recombinant soluble inhibitor-1 or soluble complement receptor 1, monoclonal antibodies to C3 and C5a, neutrophil elastase inhibitor, membrane-bound regulators of complement, and attenuation of complement receptor-3-mediated adhesion of inflammatory cells to vascular endothelium (7). In unstable patients with acute myocardial infarction undergoing emergency CABG, administration of C1 esterase inhibitor effectively limited complement activation and reduced myocardial ischemia-reperfusion injury as measured by significant reduction in cardiac troponin I. Its use was associated with improved cardiac function and hemodynamic performance without an impact on early mortality (345, 346). Soluble human complement receptor 1 effectively inhibited complement activation during CPB and significantly decreased mortality and myocardial infarction in male patients (347). Neutrophil elastase inhibitor, sivelestat, reduced levels of neutrophil elastase, IL-6, and IL-8 while also attenuating the pattern of physiological deterioration of gas exchange as measured by relative effect on alveolar-arterial oxygen index (348).

C5 complement inhibitor, pexelizumab, may offer mortality benefit. Results of an RCT enrolling over 3,000 patients showed a significant risk reduction of death or postoperative myocardial infarction within 30 days postoperatively in patients undergoing CABG with or without valve surgery. However, the study was not powered to detection reduction in mortality alone (349). These results were reproduced in a more recent RCT. Additionally, an exploratory analysis showed a significant mortality benefit in high-risk patients (350).

Selective inhibition of vascular endothelial activation may reduce deleterious effects of uncontrolled inflammation. Adhesion molecular blockade may interfere with adherence within 24 h following CPB, thereby preventing neutrophil-mediated widespread organ damage. Blockade of neutrophil and endothelial selectin molecules resulted in notable attenuation of cerebral injury in an animal model of CPB and DHCA, while inhibition of neutrophil adhesion markedly decreased pulmonary injury in a swine model of CPB (351, 352). A caveat to adhesion molecule blockade is increased susceptibility to infection due to impaired neutrophil demargination and recruitment to sites of infection (353). Strategies to prevent nuclear localization of transcriptional activator NFκB, a key mediator of pro-inflammatory signaling, have also showed promise but studies demonstrating efficacy and safety are pending (151).



3.2.6 Cyclooxygenase inhibitors

Constitutive cyclooxygenase 1 (COX-1) and its inducible isoform, cyclooxygenase 2 (COX-2), are sensible targets for modulating immune activation in response to CPB. Antiplatelet agents, including inhibitors of COX-1 and COX-2, prevent platelet aggregation. Acetylsalicylic acid, or aspirin (ASA), is one of the most commonly prescribed medications for the prevention of cardiovascular diseases. It irreversibly acetylates a serine residue of COX-1, thereby preventing release of thromboxane A2 and its downstream effects on platelet aggregation. The beneficial effects of ASA are not confined to platelet aggregation, as other mechanisms including attenuating inflammation, reducing oxidative stress, inhibiting prostaglandin formation, and inhibition of thromboxane-mediated vasoconstriction may be modulated for clinical benefit. Continued ASA treatment until the time of CABG has been shown to reduce inflammation as demonstrated by lower levels of plasma high-sensitivity CRP at all time points, though no change in cytokines was observed (354). Aspirin and clopidogrel in combination with aprotinin did not significantly affect clinical outcomes (355).





4 Limitations and conclusion

Over the past several decades since modern extracorporeal circulation was first conceived of by Gibbon, strategies for controlling CPB-associated inflammation had some success but have fallen short of controlling SIRS. Surface modification of the extracorporeal circuit, technical advances including control of flow dynamics in the CPB circuit, and mechanical refinements in pumps, oxygenators, tubing, filters, and other material components of the CPB circuit have reduced adverse sequelae and shown clinical benefit. Initial studies completed several decades prior investigating strategies that reduced circulating interleukins and other pro-inflammatory mediators showed limited translational benefit or showed contradictory results; more recent studies investigating these strategies are few as new technologies and therapies have emerged. Appropriate application of adsorptive blood purification techniques or use of immunomodulatory pharmacologics to mitigate hyperinflammatory states following CPB still remains uncertain given inconclusive efficacy and safety results from several studies. Though initially promising, aprotinin has been associated with a significant adverse event profile in target populations reported in several large studies, leading to restricted use in several countries. Postoperative SIRS may delay diagnosis of sepsis and septic shock following cardiac surgery, particularly in high-risk patients. The Sequential Organ Failure Assessment (SOFA) score may be more sensitive for predicting physiologic effects of infection, while Sepsis-3 criteria may be a useful tool for early identification and management of sepsis in patients following cardiac surgery (356). Overall, improving biocompatibility of the CPB circuit and more minimally invasive techniques may lead to improved myocardial preservation. Investigations into pharmacological adjuncts to more specifically and effectively attenuate inflammation continue. A multimodal approach incorporating technical, circuit-specific, and pharmacologic strategies will likely yield maximal clinical benefit.
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Parameters HA (n=28) Control (n=28)

Preop Sex (male) 15 (536) 21 (75.0) 1944 0.163
Art. Hypertension 21 (75.0) 21 (75.0) 0000 1.000
Pulmonary hypertension 2(71) 4(143) 0.187 0.666
Hyperlipidemia 20 (71.4) 19 (67.9) 0000 1.000
copD 5(17.9) 5(17.9) 0000 1.000
Diabetes mellitus 7(250) 9 (321) 0350 0.774
Peripheral artery disease 00 0 NA NA
Cerebrovascular disease 7 (25.0) 5(17.9) 0.106 0.745
Marfan syndrome 3(107) 0 1409 0234

Indication Aortic stenosis 7(250) 9 (321) 0088 0.767
Aortic regurgitation 5(17.9) 2(7.0) 0653 0419
Combined aortic vitium 00 1(36) 0000 1.000
Mitral i 5(17.9) 8 (286) 0401 0.527
Mitral stenosis 136) 1(36) 0000 1.000
Tricuspid regurgitation 2(7.0) 114 0187 0.666
Aneurysm 12 (429) 3107 5828 0016
Dissection 5 (17.9) 0(0) 3514 0.060
Coronary artery disease 7 (25.0) 15 (53.6) 3668 0.055
Myocardial infarction 00 2(7.0) 0519 0471

Surgery Re-do surgery 12 (429) 0(0) 12833 0.000
Combined surgery 19 (67.9) 13 (464) 1823 0177
AVR mechanical 2(7.0) 1(36) 0000 1.000
AVR biological 8 (286) 10 (357) 0082 0.775
Mitral valve replacement 5(17.9) 4143) 0000 1.000
Mitral valve repair 1(3.6) 5(17.9) 1680 0.195
Tricuspid valve repair 2(7.1) 4(143) 0.187 0.666
CABG 8 (28.6) 15 (53.6) 2,656 0.103
Ascending aorta replacement 11 (39.9) 3(107) 7547 0023
Aortic arch replacement (partial/full) 10 (35.7) 1(36) 7.240 0007
Bentall procedure 1(36) 1(36) 0000 1.000
ECMO 1(36) 2(7.0) 0000 1.000

Bold parameters indicate a significant difference between both groups. Columns 3 and 4 show absolute numbers (n=) and percentages in brackets (%)
AVR, aortic valve replacement; COPD, chronic obstructive pulmonary disease; CABG, coronary artery bypass grafting; ECMO, extracorporeal membrane oxygenation; HA,
Hemadsorption.
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HA (n=28) Control (n= p-value
1L6 [pg/ml] Baseline 39 (24,98) 40 (28,73) 0974
6 h postop 3575 (2610, 667.8) 4795 (2380, 883.8) 0533
PODI 3985 (21538, 918.8) 392 (2453, 1,0733) 0856
POD2 203.0 (1335, 458.5) 2530 (910, 323.3) 0720
CRP [mg/L] Baseline 21(09,6.5) 10 (05, 4.9) 0359
6 h postop 149 (8.2, 187) 1141 (89, 14.8) 0599
PODI 67.3 (489, 90.8) 73.1 (56.1, 89.5) 0890
POD2 2325 (1577, 275.4) 2140 (1864, 273.7) 0955
Leukocyte count (G/L) Baseline 72 (58,79) 7(59,9.2) 0831
PODI 110 (7.7, 15.1) 122 (99, 15.2) 0298
POD2 122 (8.8,172) 112 93, 15.1) 0699

The p-value refers to the Wilcoxon rank sum test.
CRP, c-reactive protein: HA, hemadsorption: IL6, interleukin 6:

POD, postoperative.
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Periprocedural mortality, n (%) | 3 (10.7)

Control
(n=28)

X2/WP | p-value

ICU stay, in days median =mad | 50+2.2

Atrial fibrillation de novo, n (%) | 4 (14.3)

Stroke rate, n (%)

Ventilation time median + mad | 17.5 + 17.0

Reintubation, n (%) 4(143)

Acute kidney injury, n (%) 4°(143)

7°(25)

0452 | 0501

Renal replacement therapy, n (%)

0(0)

0000' | 1.000

*Pearson’s z° test.
“Wilcoxon rank sum test with continuity correction, mad .

median.

. median deviation of the

“Patients with acute kidney injury (AKI) stage 1: increase in serum creatinine by
0.3mg/dl or more within 48 h or increase in serum creatinine to 15 times

baseline according to KDIGO-criteria.
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Time Parameter HA (n=28) Control (n =28)

Preop Age 628 147 320 82.0 673 145 240 81.0 -1160 | 5398738 | 0251
BMI 294 147 187 1010 268 41 205 352 0904 3127468 | 0373
Euroscore I 54 60 07 237 25 22 05 98 2395 3407519 | 0022
Heart rate in bpm 735 10.1 540 90.0 740 118 53.0 95.0 0183 | 5275003 | 0856
Respiratory rate in bpm 118 10 9.0 140 119 06 10.0 13.0 —0806 | 4427324 | 0425
Body temperature in °C 371 04 360 37.7 370 04 36.0 375 0710 5374381 0481
Baseline | Hemoglobin (g/dl) 133 17 112 18.0 136 15 105 16.8 -0713 | 5297789 | 0479
Leukocyte count (G/L) 73 22 30 124 7.6 24 39 133 -0449 | 5377825 | 0.655
Albumin (g/dl) 425 22 370 48.0 416 50 29.0 49.0 0799 3736149 | 0429
Bilirubin (mg/dl) 06 03 02 14 06 04 02 24 —0529 | 5049803 | 0599
CRP (mg/L) 9.0 253 03 1358 60 158 03 83.2 0522 4514523 | 0.604
1L6 (pg/ml) 166 395 15 206.0 78 125 15 67.7 1124 3233027 | 0269
Procalcitonin (ng/ml) 00 00 00 0.1 00 01 00 03 ~1311 | 3004276 | 0200
Intraop Surgery duration (min.) 300.7 720 | 1680 | 4540 260.1 637 1830 | 4220 2231 5321981 | 0.030
CPB (min.) 1557 502 810 253.0 125.2 415 56.0 2390 2472 5218499 | 0017
ACC (min.) 933 327 00 155.0 86.1 38.1 27.0 2020 0764 5280028 | 0448

Bold parameters indicate a significant difference between both groups.
BMI, body mass index; Dof, degrees of freedom; Max, maximum; Min, minimum; SD, standard deviation, p, p-value. ACC, aortic cross clamp, BMI, body mass index; CPB,
candoaulinonsny Myonis: CRP. c-renchive Srossi HA: Hensdeonitice: 16 irtansuln &,
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omplications All -NLR  High-NLR P
patients group group
(n=420) (n=225) (n=195)
Stage-I AKI 67 (16.0%) 13 (5.8%) 54 (27.7%) <001
Stage 11 AKI 7 (1L7%) 0 7(6% <001
Stage TIl AKI 14 (33%) 1(04%) 13(67%) <001
Cerebral infarction 14 (3.3%) 5 (22%) 9 (4.6%) 0.173
Pulmonary infection 130 (31.0%) 59 (262%) 71 (364%) 0024
Incision infection 5(1.2%) 1(04%) 4Q1% 0130
Multiple operations 6 (1.4%) 1.(0.4%) 5(26%) 0068
Hydrothorax 110 (26.2%) 44 (19.6%) 66 (33.8%) <0.01
Severe respiratory 36 (8.6%) 1.(49%) 25 (128%) <001
failure
Atrial fibrillation 107 (25.5%) 52 (23.1%) 55 (28.2%) 0232
Malignant 16 (3.8%) 2 (0.9%) 14 (7.2%) <001
arthythmia
28-day mortality 10 (24%) 2 (0.9%) 8(41%) 0031

ANL, scute ldney iniory: NLR. neutrophilbmpHocvie ratio.
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Stage Serum creatinine Urine volume

I Increase 20.3 mg/dl (226.5 pmol/L) <05 ml/kg/h for 6-12 h
within 48 h or
increase to 1.5-1.9-times baseline levels

i Increase to 2.0-29-times baseline levels  <0.5 ml/kg/h for 212 h
11 Increase to 240 mg/dl (2353 umol/L) or  <0.3 m/kg/h for >24 h or
increase to >3-times baseline levels or  anuria

RRT initiation

AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcome;
RRT, renal replacement therapy.
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Variable All patients Non-AKI  AKI P
(n=420) (n=332) (n=88)

Preoperative
Age (years) 65 (58, 69) 64 (58, 68) 67 (62,72) <001
Age 265 216 (514%) 159 (47.9%) 57 (64.8%) <001
55 < age <65 136 (324%) 116 (349%) 20 22.7%) 0029
Age <55 68(162%) 57 (172%) 11 (125%)  0.290
Female 137 (326%) 100 (301%) 37 (42.0%) 0034
BMI (kg/m?) 251(232,27.3) 252(232, 245228, 0171
27.3) 26.6)
Tobacco smoking 187 (445%) 151 (455%) 36 (40.9%) 0443
Hypertension 257 (612%) 198 (59.6%) 59 (67.0%)  0.205
DM 174 (414%) 129 (389%) 45 (51.1%) 0038
History of cerebral 82(195%) 63 (190%) 19 (21.6%) 0582
diseases
Kidney disease without 6 (1.4%) 2 (0.6%) 4(45%) <001
RRT
COPD 8 (1.9%) 6 (1.8%) 2(23% 0776
PCI 50 (119%) 39 (1L7%) 11 (12.5%)  0.846
NYHA grade = = = <001
NYHA grade >2 152 (362%) 107 (322%) 45 (51.1%) <001
NYHA grade <2 268 (638%) 225 (67.8%) 43 (48.9%) <001
Hemoglobin (g/L) 137 (126, 147) 138 (127, 146) 133 (118, 148) 0.016
HCT (%) 4110 (3790, 4120 (3845, 39.10 (3630, <001
43.50) 43.50) 43.35)
Albumin (g/L) 4230 (40.10,  42.40 (4040, 4180 (3885, 0.055
4430) 44.35) 44.05)
LDL (mmol/L) 197 (158,249) 198 (157, 197 (158,  0.796
249) 249)
HDL (mmol/L) 099 (085,1.13) 100 (085, 096 (0.83, 0174
1.14) 1.09)
TG (mmol/L) 128 (096,1.72) 124 (093, 141 (108, 0017
1.69) 195)
Cys-C (mg/L) 101 (089, 1.15) 099 (088, 114 (098, <001
1.10) 1.37)
BUN (mmol/L) 550 (452,6.55) 540 (450, 600 (500, <001
6.40) 7.15)
SCr (umol/L) 760 (640, 86.0) 745 (640, 825 (650, <001
85.0) 97.0)
eGFR (ml/min/ 93(81,101)  95(85,102) 87 (67,97) <001
173 m?)
eGFR 290 252 (600%) 215 (648%) 37 (42%) <001
60 < éGFR < 90 144 (343%) 109 (328%) 35 (39.8%) 0223
¢GFR <60 24 (5.7%) 8 (2.4%) 16 (182%) <001
LVEF (%) 60 (51,65 60 (53,65 57 (43,62) <00l
LVEF 260 212 (505%) 177 (533%) 35 (39.8%)  0.024
50 < LVEF <60 106 (252%) 84 (253%)  22(25.0%)  0.954
LVEF <50 102 (243%) 71 (214%) 31 (352%) <001
Intraoperative
Emergency surgery 33 (7.9%) 23(69%) 10 (114%) 0169
Operation time (min) 270 (240, 300) 265 (240, 295) 273 (250, 295) 0.074
Erythrocyte transfusion 0 (0, 2) 0(0,2) 10,4) <001
(V]
Urine volume (ml) 700 (500, 1,000) 750 (500, 700 (450, 0917
1,000) 1,000)
Fluid replacement (ml) 2,700 (2500, ~ 2,700 (2500, 2,700 (2,500, 0.189
3,000) 3,000) 3,500)
Postoperative
CVP (cmH,0) 8(6,10) 8(6,10) 8(,11) 0223
MAP (mmHg) 88(76,98)  88(78,98)  84(72,99) 0259
Medicine application 160 (38.1%) 108 (325%) 52 (59.1%) <001
Erythrocyte transfusion 0 (0, 2) 0(0,2) 2(0,4) <001
(V]
Mechanical ventilation 780 (541, 1,140) 720 (513, 1200 (792, <001
(min) 1,029) 3,390)
LCOS 43 (10.2%) 14(42%)  29(33.0%) <001
IABP 41 (9.8%) 14(42%) 27 (30.7%) <001
RRT 7 (17%) 0 7(80% <001
Duration of hospital 120,14 120,14 14(12,19) <001
stay (day)
Duration of ICU stay 324 22,3 4(,7) <001
(day)
28-day mortality 10 (24%) 1(03%) 9(102%) <001

AKI, acute kidney injury; BMI, body mass index; BUN, blood urea nitrogen:
COPD, chronic obstructive pulmonary disease; CVP, central venous pressure;
Cys-C, cystatin C: DM, diabetes mellitus; eGFR, estimated glomerular
fitration rate; HCT, hematocrit; HDL, high density lipoprotein; IABP, intra-
aortic balloon pump; ICU, intensive care unit; LCOS, low cardiac output
syndrome; LDL, low density lipoprotein; LVEF, left ventricular ejection
fraction; MAP, mean arterial pressure; NYHA, New York Heart Association:;
PCI, percutaneous coronary intervention: RRT, renal replacement therapy:
SCr, Serum creatinine: TG, triglyceride.
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Variables  All patients ~ Non-AKI AKI -
(n=1420) (n=332) (n=88)

Preoperative inflammation-related biomarkers
WBC (10%L) 637 (526, 745)  6.33 (5.27,749) 650 (5.14,7.33) 0685
NEU (1071) 396 (3.08, 486)  3.93 (3.05,482) 419 (3.17,494) 0264
LYM (10°71) 160 (131,196) 160 (1.32,1.97) 153 (1.27,183) 0160
MON (10°1) 046 (0.37,057)  0.46 (0.37,057) 045 (039, 0.57) 0841
PLT (10°L) 224 (186,265) 224 (186,263) 230 (197,284) 0347

NLR 247 (184, 3.15) 240 (1.80,3.07)  2.64 (2.13,325) 0.034
MLR 028 (022,037) 028 (022,037)  0.30 (0.23,037) 0.200
PLR 138 (111,173) 135 (110,172) 145 (123,179)  0.058

LDH (U/L) ~ 210(187,241) 211 (188,240) 210 (185,247) 0752
Inflammation-related biomarkers on POD1

WBC (10%L)  1222+3.89 12.20+3.90 1225388 0915
NEU (10%71)  1078+354 10.70+3.52

0.359
LYM (10°71) 056 (041, 073)  0.60 (0.44,078) 041 (031, 0.50) <001
MON (10%L) 072 (051, 098) 074 (0.52,099) 068 (0.48, 0.92) 0.102
PLT (10°L) 166 (133,206) 166 (134,204) 166 (129,219) 0908

NLR 19.13 (1353, 17.18 (12,63, 2640 (2104, <001
2634) 2362) 33.93)

MLR 130 (092, 174) 124 (0.89, 161)  1.74 (122, 244) <001

PLR 302(212,415)  271(203,393) 382 (300, 526) <001

PCT (ng/ml) 131 (049,3.16)  1.13 (0.44,259) 232 (0.68,561) <001
LDH (U/L)  211(175,259) 209 (173,254) 219 (181,302) 0071

AKI, acute kidney injury; LDH, lactate dehydrogenase; LYM, lymphocyte; MLR,
monocytetlymphocyte ratio; MON, monocyte; NEU, neutrophil; NLR,
neutrophil:lymphocyte ratio; PCT, procalcitonin; PLR, platelet:lymphocyte
ratio: PLT, platelet: POD, postoperative day: WBC, white blood cell.
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Variables B 4 OR

Female 1163 0030 3200 1.118-9.155

Total erythrocyte transfusion  0.145  0.024 1157 1.019-1313
LR on POD1 0139 <001 1.149 10711232

PCT on PODI 0059 <001 1.061 1.021-1.102

Mechanical ventilation 0026 <0.01 1027 1.009-1.045

AKI, acute kidney injury; NLR, neutrophil:lymphocyte ratio; PCT. procalcitonin

POD, postinerative day:
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Atotal of 485 patients underwent
off-pump CABG were included from
January 1, 2021 to January 1, 2022

2 patients were excluded due to
death
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12 patients were excluded due to

instability
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—

6 patients were excluded due to severe
preoperative renal failure requiring RRT

—1

45 patients were excluded due to the lack of
SCr results on postoperative day 2

420 patients were ultimately included in this study
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(n=100)

Excluded (n=7)
—»| Refused (n=10)

A 4

| Consent to participant (n = 83) |

Cognitive function test
| Specimen collection (n = 83)

A 4

‘ Anesthesia and surgery (n = 83) ‘

Excluded (n =8
<l Cognitive function test

Specimen collection (n = 75)

v

Completed experiment (n =75)
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Cognitive tests

Control subjects (n=21)

Non-PND (n=50)

(n=25)

Baseline After 7 days Baseline Postoperative Baseline Postoperative
MMSE (score) 2314+273 23384273 2418258 23514272 2296225 19.85+2.17
RAVLT (immediate) 1486+ 436 15.19 420 1443 +451 1508 + 407 1469 +3.52 1192£3.33
RAVLT (delayed) 2786271 2890+256 2855+244 28.41+249 2719210 2346202
BVMT-R 9.86=1.35 10.48 £ 1.40 9572153 1020 =150 1096+ 1.37 88103
Trail Making A 743822367 68.00+22.93 69.00+21.98 71142225 9131+36.13 11504% 4132
Trail Making B 934321931 85.05+18.04 919842602 90.43+2555 11608 +26.83 13950+ 27.76
WAIS Digit Span 8.00=1.41 810+1.04 8572134 849116 754099 646086
WDSST 15332269 1629278 1696 £3.03 1602+331 1381192 10.46 = 1.92
COWAT 3924524 4029482 41202490 41432483 3558 +4.66 29.42+3.92
Data are shown as mean  standard deviation.
PND, : MMSE, WDSST, WAIS digit symbol substitution test; RAVLT, Rey auditory verbal leaming

test: BVMT-R, brief visuospatial memory test-revised: COWAT, controlled oral word association test.
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Variable

PaO, (mmHg), M £ 5D

Cooling 351.4+71.5
Maintenance 354.5+53.9
Rewarming 32015613
PaCO, (mmHg), M +SD

Cooling 39187
Maintenance 124246
Rewarming 461+53
' in (g/dl), M:+SD

Cooling 94+29
Maintenance 99+18
Rewarming 98+23
Anesthesia medications during CPB, n (%)

Propofol continuous infusion 28 (100)
Tsoflurane in CPB oxygenator 2 (786)
Fentanyl bolus 13 (464)
Fentanyl continuous infusion 9(321)
Alfentanil continuous infusion 9(32.1)
Remifentanil continuous infusion 163)
Dexmedetomidine continuous infusion 1(35)

T
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Risk factor Univariate Multivariate logistic
analyses®, P regression analysis”

OR (95% CI) P

Age 0017 0910 (0021, 0.763) 0,042

Education 0011 1198 (0.997, 1.440) 0054

ACC Time 0.033 0.982 (0.964, 1.001)  0.070

ICU stay 0.030 0.737 (0.47, 1.163)  0.184

Serum NLRP3 level (Immediately 0.024 0.128 (0.021 0.763)  0.024
after the operation)

Serum IL-18 level (Immediately 0034 0042 (0.000, 40526) 0.533

after the operation)

NLRP3, Nod-like receptor family pyrin domain containing 3; ICU, intensive care
unit; Cl, confidence interval: OR, odds ratio; ACC, aortic cross-clamping: IL,
interleukin.

*%Occurrence of cognitive was modeled as a
function of a single predictor and as a function of all significant predictors ir
the: iiivariate analyses (P < 0.05) respectively;
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Change 95% Cl F statistics | p-value
per 1°C
change in
temperature
Cooling
PsI X 68 | F(1,1934) = 1111
SR Y 3-3. F(1, 315.2) = 1046
SEF, R (Hz)
SEF, L (Hz)

—0.28 to ~0.16

(1, 333.0) =475

F(1,27.1)=1944
22 2710 -17 | F(1,188.5)=854 | <0.001
SEF, R (Hz) 018 010-026 | F(1,2102)=193 | <0.001
SEF, L (Hz) 028 021-036 | F(1,2157)=503 | <0.001

CI, confidence interval; PS, patient state index; SEF, R, spectral edge frequency,
right cerebral hemisphere; SEF, L, spectral edge frequency, left cerebral hemisphere
SR. suppression ratio.
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Estimated variance of Estimated variance of

EEG variable Coefficient
intercept duration
Coefficient 95% CI p-value Variance p-value Variance p-value
PSI -3x107" to 12x 107 0224 1037 <0.001 22x107° 0500
SR —41x107 =3x107 10 29x107 0980 908.7 0.001 —-63x107 0890
SEF, R (Hz) 21x107 —3x107 to 44 %107 0077 152 0.001 20%107° 099
SEF, L (Hz) 19x10~ -23x10~ t0 59% 107 0346 214 0.001 -20x107 0072

CI, confidence interval; PSI, patient state index: SEF, R, spectral edge frequency, right cerebral hemisphere; SEF, L, spectral edge frequency, left cerebral hemisphere: SR,

suppression ratio.
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Variables Non-PND PND F o
(n=50) (n=25) value

Male/Female 28122 1213 0341
Age (years) 57.33+765  6265+694 0004
BMI (kg/m?) 23354260  2383+308 0480
Education (years) 7432339 454393 0001
Hypertension 17/33 1312 0134

Diabetes 347 32 0652
Preoperative LVEF (%) 6108656 6058711 076
CPB time (min) 13167+4061 151814808 0059
ACC time (min) 8990+3228 111424496 0019
Surgery time (min) 24335+5175  268.96+5511  0.050
Extubation time after surgery (h) 12 10+2 078
Postoperative ICU stay (days) 247112 385187 0000
VAS score 235+128 231£112 0.896
Occurrence of postoperative 2 (pulmonary 1 (wound 0998
complications (within 7 days) infection) infection)

Data presented as mean + standard deviation or ratio (the same in other tables).
PND, perioperative neurocognitive disorders; BMI, body mass index: LVEF, left
ventricular gjection fraction; CBP, cardiopulmonary bypass; ACC, aortic cross-
clamping: VAS, visual analog scale.
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Age (years), Mdn (IQR)

723 (603-79.6)

Height (cm), Mdn (IQR)

167 (158-173)

‘Weight (kg), Mdn (IQR) 79 (67-91)
Female 8 (28.6)
Diabetes 12 (37.5)
Hypertension 25 (89.3)
Congestive heart failure 14 (50.0)
Ischemic heart disease 20 (71.4)
Dyslipidemia 17 (60.7)
Cerebrovascular disease 8 (28.6)
Peripheral vascular disease 5(17.8)
Chronic liver disease 1(35)
Chronic respiratory disease 3(10.7)
Chronic kidney disease 7 (25.0)
Surgical procedure

Aortic arch replacement + stenting 1(35)
AVR 2071
AVR (mini-invasive) 135)
Bentall’s procedure 135)
CABG 12 (37.5)
CABG and AVR 6(21.4)
CABG and MV repair 135)
David's procedure 1(35)
MV repair 135)
MVR 1(35)
MVR (mini-invasive) 135)
Ross procedure 2(71)
Cardiopulmonary bypass time (min), Mdn (IQR) 124 (99-201)
Cross-clamp time (min), Mdn (IQR) 99 (74-160)
Deep hypothermic circulatory arrest 135)
Selective cerebral perfusion 1(35)

N = 28. Values are given as n (%) unless otherwise specified. IQR, interquartie
range; AVR, aortic valve replacement; CABG, coronary artery bypass grafting

MVR. mitral valve replacement.
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Variables
Postoperative serum creatinine

OR (95% Cl)
1.006 (1.002-1.01)

CPB > 182 min

2.141 (0.762-6.26)

Age 58 years

2654 (1171-6.379)

1L6 > 18 pg/ml

2.781 (0996-7.54)

L

1.009 (0.999-1.025)
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Variables

Age, mean (+SD), years

All (n=188)
543121202

No-ALl (n =65)
50.97 £ 11.49

ALl (n=123)
5607 +11.92

Male, n (%) 142 (75.53) 54 (83.08) 88 (71.54)

BMI, mean (+SD), kg/m” 2434379 23.62+333 2472396 0.069
Atria fibrillation, n (%) 10 (5.75) 4(6.25) 6 (545) 0828
Hypertension, n (%) 131 (69.68) 38 (58.46) 93 (75.61) 0015
Diabetes mellitus, n (%) 7(3.72) 3 (4.62) 4(3.25) 0.639
Hyperlipidemia, 7 (%) 63 (34.62) 19 (29.23) 44 (37.61) 0255
Chronic kidney disease, 7 (%) 20 (10.64) 4(6.15) 16 (13.01) 0147
Smoking, n (%) 36 (19.25) 9 (14.06) 27 (2195) 0194
Cardiac aortic surgery, n (%) 11 (5.85) 4(6.15) 7 (5.69) 0898
COPD, n (%) 32 (17.20) 14 (21.88) 18 (14.75) 0222
BAV, 7 (%) 7 (3.74) 4(6.15) 3 (246) 0205
MEFS, n (%) 8 (4.28) 5 (7.69) 3 (246) 0.092
Shock hypotension, 1 (%) 2 (1.06) 0.(0.00) 2(163) 0301
AT greater than 2, n (%) 28 (46.67) 10 (43.48) 18 (48.65) 069
Pleural Effusion, n (%) 27 (14.36) 6(9.23) 21 (17.07) 0145
Cardiac Effusion, 1 (%) 50 (26.60) 9 (1385) 41 (33.33) 0004
Renal Cyst, n (%) 65 (35.14) 19 (30.16) 46 (37.70) 0308
Liver cyst, n (%) 55 (29.73) 19 (30.16) 36 (2951) 0927
Preoperative condition

IL6, median [IQR], pg/ml 39.30[10.60,74.20] 15.80(3.10,43.30] 47.70[21.40,91.60] <0001
WBC, mean (+SD), 10°/L 10.74+3.92 9.61 £4.10 1131369 0.005
PLT, mean (8D), 10°/L 21232+ 10496 22098 +105.36 207.89 = 10448 0424
D-dimer, mean (+SD), ng/ml 8,121.19 7,824.67 4,848.88 + 6,284.89 973052 + 8,003.38 <0.001
glucose, mean (=SD), mg/dl 7.07 %210 658221 732200 0023
AST, mean (5D), U/L 7855 +376.31 24341361 105.44 = 457.79 0171
ALT, mean (+SD), U/L 6168 +245.19 21.88 1622 8108+ 296.89 0133
LDL, mean (+SD), mmol/L 293+077 285+076 297077 0339
Tirglyceride, mean (SD), mh/dl 133+058 128056 136059 0426
Scr, mean (+SD), umol/L 103.45 %6832 8650 +25.61 11213+ 8063

Maximum Diameter, median [IQR], mm

48.00(42.00,57.00]

50.00(41.00,59.00]

48.00(43.00,57.00]
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Variables
Elective surgery, n (%)

All (n=188)
98 (52.128)

No-ALl (n = 65)
40 (62.500)

ALl (n=123)
58 (46.774)

Concomitant procedures, n%

Bentall, n (%)

55 (29.255)

25 (39.063)

30 (24.194)

Cabrol, n (%)

6(3.191)

2(3125)

4(3226)

Wheats, n (%)

8 (4.255)

6(9375)

2 (1613)

FET, n (%)

160 (85.106)

47 (73.438)

113 (91.129)

Operation details

CPB time, median (IQR], min

232.00[198.00,263.00]

227.00(182.00,245.00]

233.00(202.00,266.00]

ACC time, median [IQR], min

119.00[91.00,146.00]

117.00(87.00,146.00]

119.00(94.00,146.00]

DHCA time, mean (+SD) min,

16.84 = 8.86

1584 £9.48

17.38 +8.46

DHCA temp nasal, median [IQR], °C

24.00(22.20,25.00]

24.00(22.50,25.30]

23.80(22.10,25.00]

CPB > 1875 min, n (%)

160 (85.11)

47 (72.31)

113 (91.87)

ACC> 1725 min, n (%)

25 (13.30)

4(6.15)

21 (17.07)

DHCA, (%)

164 (87.23)

52 (80.00)

113 (91.87)

RBC transfusionU, median [IQR]

5.000(1.500,8.000]

4.000{1.000,6.000]

5.500(3.500,10.000]
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Variables

condition

All (n=188)

No-ALl (n=65)

ALl (n=123)

SCR >200.10 umol/L, n (%)

64 (34.0)

9 (13.80)

55 (44.72)

Early Mortality, n (%)

18 (9.57)

2(3.08)

16 (13.01)

Stroke, n (%)

17 (9.04)

3 (462)

14 (11.38)

Delirium, (%)

35 (18.62)

5(7.69)

30 (24.39)

Paresis, n (%)

5 (266)

0.(0.00)

5 (407)

CRRT, n (%)

37 (19.68)

0 (0.00)

37 (30.08)

Re-exploration for bleeding delayed chest closure, n (%)

10 (5.32)

1(1.54)

9(732)

‘Tracheotomy, n (%)

9 (479)

0 (0.00)

9(732)

MODS, n (%)

25 (1330)

1(154)

24 (19551)

ECMO, n (%)

8 (4.26)

0 (0.00)

8 (6.50)

Mediastinitis, n (%)

3 (1.60)

1(154)

2(163)

Acute Liver Injury, 7 (%)

74 (39.36)

18 (27.69)

56 (45.53)

Post-op Hospital stay, median [IQR], day

21.00[16.00,31.00]

18.00(14.00,27.00]

23.00(18.00,39.00]

ICU stay, median [IQR], day

89.00(14.00,186.00]

43.00(7.00,80.00]

148.00[21.00,257.00]

Ventilation time, mean (+SD), h

159.55 + 236.03

48.22 % 44.96

21748 %271.74

WBC, mean (+SD), 10°/L

19.14[15.97,22557]

18.03[15.67,20.44]

19.54[16.37,23.17]

PLT, mean (+SD), 10°/L

103.00(56.00,128.00]

116.00[79.00,147.00]

94.00(50.00,120.00]

D-dimer, mean (+SD), ng/ml

9,635.20 = 6,717.40

7,694.63 + 6,691.10

10,628.05 = 6,51087

Glucose, mean (+5D), mg/dl

12.04[9.38,14.27)

11.95(9.63,14.13]

12.04(9.25,14.33]

AST, mean (+SD), U/L

403.12% 1,911.01

10660 + 190.18

562.41 £ 2,349.84

Ser, mean (+SD), umol/L

160.96109.60,259.50]

124.10[95.90,172.36]

179.60[121.60,360.20]

ALT, mean (+SD),U/L

62.00[29.00,117.00]

40.00[26.00,88.00]

70.00(30.00,152.00]
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Variables

Preoperative condition

95%Cl

p-value

1L6, pg/ml

(1.010,1.031]

Age, years

[1.010,1.064]

BMI, kg/m®

[0993,1.179]

Age >58 years

(1.738,7.342]

Male

[0240,1.092]

Atria_fibrillation

[0.235,3.189]

Hypertension

Diabetes mellitus

Hyperlipidemia

[0.760,2.802]

Chronic kidney disease

[0729,7.129]

Smoking

(0.754,3.918]

Hx of cardiac aortic surgery

[0.259,3.267)

CcoPD

[0.285,1.343]

Pleural Effusion

[0.773,5.299]

Cardiac Effusion

[1.401,6.906]

Renal Cyst

[0731,2.687]

Liver cyst

10.499,1.883]

WBC, 10°/L.

[1035,1.227)

PLT, 10°/L.

[0996,1.002]

D-dimer, ng/ml

(1.000,1.000]

Glucose, mg/dl

[1.023,1.420]

AST, U/L

[0997,1.039]

ALT, U/L

(0.994,1.022]

LDL, mmol/L

(0.802,1.901]

SCR, umol/L

[1.002,1.019]

WBC >9.27 10°/L

[1.375,5.110]

SCR>95.28 umol/L

[1.331,7.060]

1L > 18 pg/ml

[2850,10.679]

Elective surgery, n (%)

(0.285,0.977)

C

Bentall, n (%)

[0260,0.953]

Wheats, n (%)

[0.031,0.809]

FET, n (%)

[1.6188532]

Operation details

CPB time, min

[1.000,1.011]

ACC time, min

[0.995,1.010]

DHCA time, min

[0.986,1.055]

DHCA temp nasal, °C

[0.851,1.034]

Ventilation time, min

(1.011,1.027]

CPB > 182 min

[1.860,10.070]

[1.029,9.578]

[1.185,7.002]

RBC transfusionU, median [IQR]

[1.041,1.213]

condition

RBC, 10°/L

(0.064,0.587]

WB, 10%L

[0975,1.013]

PLT, 10°/L

(0.988,0.998]

D-dimer, ng/ml

[1.000,1.000]

Glucose, mg/dl

[0912,1.042]

AST, U/L

(1.000,1.003]

Ser,umol/L

(1.004,1.011]

ALT, UL

[0.999,1.005]

Scr > 200 umol/L.

[2.287,11.073]
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COSTA (15)

SHARPEN
(16)

Simplified
Risk Score
(ICE) (17)

LOPEZ (18)

Modified
MELD-XI
(19)

Cystatin C
(20)

2007

2015

2016

2011

2018

2012

1988-1999

2001-2011

2000-2006

1996-2003

2009-2015

1999-2005

14

Risk of death

In-hospital
mortality

6-month
mortality

In-hospital
mortality or
urgent surgery

In-
hospital/Long-
term

mortality

5-year mortality

Retrospective (15),
Observational

retrospective (24)

Retrospective (16)

Prospective (17, 19)
Retrospective (22)

Retrospective (18)

Prospective (19)

Retrospective (20)

186 (15),
180 (24)

233 (16)

4,049 (17)

Medical and Surgical Patients (15)

Surgical patients with definite IE as
defined by modified Duke criteria:
native and prosthetic valve ACTIVE
IE (24)

Medical and Surgical Patients (16)

Medical and Surgical Patients (19)

858 (19)
192 (22)

Ext
Validation
264 (18)

858 (19)

125 (20)

prosthetic valve excluded

(54.67% surgical) (17)

MEDICAL patients with definite IE
(Mod Duke’s) not considered for
surgery. Incl all valves and devices
(22)

Surgical patients with definite IE as
defined by modified Duke criteria:
left-sided active IE (18)

Medical and Surgical Patients (19)

Medical and Surgical Patients,

including prosthetic valves and

cardiac devices (20)

33.9¢(

15)

632+1(24)

50 £+ 19 (16)

45-72 (17)

45 £
65.2 4

15 (19)
E15.2(22)

61 4

45 £+

E16.9 (20)

62.7 4

0.872 (15)
0.65 (CI0.57-0.72) (24)

0.86 (CI0.80-0.91) (16)

Harrell’s C statistic

0.715 (CI 0.62-0.89) (17)
0.771 (19)-long-term
mortality, 0.816
(19)-in-hospital death
0.682 for validation model
0.706 (CI0.617-0.798) (22)

0.67
Sensitivity 79%, Specificity
57% (18)

0.823 (19)
in-hospital mortality

0.730 (CI 0.658-0.803) (19)
long-term mortality

0.74 (CI 0.70-0.87) (20)

No

No

Yes (17)

Yes (18)

No

The results for the IE specific scores (i.e., the scores created for IE populations) which are delineated in bold/underline denote the studies. In which the risk score in question was first proposed, with data in bold referring to the derivation cohort. All other data (not

in bold) for each score, include studies where the score in question has been used in comparison to other scores. All scores which have been validated (either described in the same paper or in a separate paper) have been identified in the last column, with the paper

reference indicated accordingly in the last column.
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Number of
variables

Score
designed to
predict

Study typeRef

Patients (n)Ref

Populations consideredRef

OPR-Ontario 6 Mortality, prolonged | Prospective (3), Retrospective | 361 (3),138 (11),192 | Surgical patients with definite IE as 59.1 £15.4(3) 0.698 (CI 0.647-0.745) (3)
province risk ICU stay (>6 days), (11,22) (22) defined by modified Duke criteria: (11) 60 £8.5(11) 0.637 (CI 0.661-0.717) (11)
prolonged post-op including implantable cardiac devices (3) 65.2 +£15.2(22) 0.669 (CI 0.573-0.765) (22)
stay (>17 days) MEDICAL patients with definite IE (Mod
Duke’s) not considered for surgery. Incl all
valves and devices (22)
The Society of 12 Post-operative Prospective (3, 12), 361 (3) Surgical patients with definite IE as 59.1 £15.4(3) 0.709 (CI 0.659-0.756) (3)
Thoracic Surgery mortality and Retrospective (11, 21, 22, 25, 138 (11) defined by modified Duke criteria: (11, 21, 60 £8.5(11) 0.540 (CI 0.453-0.625) (11)
(STS) risk score morbidity 28), Observational 671 (12) 28) 61 £14(12) 0.74 (CI 0.68-0.79) (12)
OR STS for IE score retrospective (23, 24) 324 (28) left-sided active IE (12, 23) 61.8 +14.6 (28) 0.742 (CI 0.691-0.789) (28)
107 (21) native and prosthetic valve ACTIVE IE 58.1 &+ 14.5(21) 0.67 (CI 0.56-0.79) (21)
192 (22) (24, 25) 65.2 4 15.2 (22) 0.757 (CI 0.676-0.837) (22)
180 (23, 24) including implantable cardiac devices (3) 63.4 +13.8 (23) 0.76 (CI 0.68-0.82) (23)
146 (25) MEDICAL patients with definite IE (Mod | 63.2 4 1 (24) 0.76 (CI 0.68-0.82) (24)
Duke’s) not considered for surgery. Incl all | 48.8 +16.0 (25) 0.699 (CI 0.534-0.865) (25)
valves and devices (22)
EUROSCOREIT 18 In-hospital mortality | Prospective (3, 12, 26), 361 (3) Surgical patients with definite IE as 59.1 £15.4(3) 0.751 (CI 0.704-0.795) (3)
Retrospective (11, 20-22, 25), | 138 (11) defined by modified Duke criteria: (11,21, | 60 £ 8.5 (11) 0.733 (CI 0.683-0.831) (11)
Observational retrospective 671(12) 26, 28) 6114 (12) 0.76 (CI 0.70-0.82) (12)
(23, 24) 465 (20) left-sided active IE (12) 50 4 16.9 (20) 0.816 (20)
107 (21) native and prosthetic valve ACTIVE IE 58.1 &+ 14.5(21) 0.69 (CI 0.58-0.8) (21)
192 (22) (24, 25) 65.2 4 15.2 (22) 0.773 (CI 0.704-0.843) (22)
180 (24) including implantable cardiac devices (3) 63.2+1(24) 0.74 (CI 0.66-0.82) (24)
146 (25) Surgical patients diagnosed with IE 48.8 +16.0 (25) 0.656 (CI 0.466-0.846) (25)
111 (26) depending on blood culture and intra-op 58.9 +13.7 (26) 0.74 (CI 0.69-0.79) (26)
findings (20)
MEDICAL patients with definite IE (Mod
Duke’s) not considered for surgery. Incl all
valves and devices (22)
EUROScore I 17 In-hospital mortality | Prospective (9, 10, 12, 26), 437 (9) Surgical patients with definite IE as 61.4+16.4(9) 0.73 (C10.70-0.77) (9)
Prospective registry (14), 440 (10) defined by modified Duke criteria: (11,21, | 49 £ 16 (10) 0.84 (CI 0.77-0.91) (10)
Retrospective (11, 21, 22, 25), 38(11) 26) 60 £8.5(11) Additive 0.733 (CI10.651-0.805)
Observational retrospective 671 (12) active IE (9) 61 £14(12) Logistic 0.658 (CI 0.572-0.736) (11)
(23,24) 338 (14) left-sided active IE (12, 18, 23) 63.6 +13.1 (14) 0.76 (CI 0.71-0.82) (12)
107 (21) native valve IE only (10) 58.1 4 14.5 (21) 0.72 (CI 0.69-0.75) (14)
92(22) native and prosthetic valve ACTIVE IE 65.2 +15.2(22) 0.77 (CI 0.66-0.86) (21)
80 (23, 24) (14, 24, 25) 63.2+1(24) 0.777 (C1 0.710-0.844) (22)
146 (25) MEDICAL patients with definite IE (Mod | 48.8 = 16.0 (25) 0.74 (CI 0.66-0.82) (24)
11 (26) Duke’s) not considered for surgery. Inclall | 58.9 & 13.7 (26) Additive 0.653 (C10.487-0.819)

valves and devices (22)

Logistic 0.645 (CI 0.487-0.803) (25)
0.77 (CI 0.72-0.82) (26)
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SOFA-Sequential 8 In-hospital/intensive | Retrospective (27) 66 (27) Surgical patients with definite IE as 70 (19-88) (27) 0.915 (CI 0.845-0.986) (27)
Organ Failure care mortality defined by modified Duke criteria (27)

Assessment

Charlson 14 10-year mortality Retrospective (27) 66 (27) Surgical patients with definite IE as 70 (19-88) (27) 0.788 (CI 0.655-0.922) (27)

Co-Morbidity Index

defined by modified Duke criteria (27)
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* |Including demographics,
Patient pre-morbid conditions
Characteristics and pre-operative state.
e All scores had at least
one of these variables.

e Mainly echocardiography
e Only 64% of IE-specific.

Imaging scoring systems included
Characteristics data such as intra-cardiac
destruction or abscess
formation.

e Only 50% of scores
included micro-biological
Infection criteria.

Characteristics e Less than half of these

mentioned a specific

micro-organism.





OPS/images/fcvm-10-1093363/fcvm-10-1093363-g002.jpg
Patient

Characteristics

Imaging Infection
Characteristics Characteristics






OPS/images/fcvm-10-1093363/fcvm-10-1093363-t001.jpg
SCORE First Time Score Study type Réf | Patients | Populations External
proposed | Scale designed (n)Ref consideredRef validation
variables | to predict
PALSUSE 2014 2008-2010 7 In-hospital Prospective (3, 9, 361 (3) Surgical patients with definite IE as 59.1 +£15.4(3) 0.684 (0.633-0.731) (3) No
9) mortality 12), Retrospective 437 (9) defined by modified Duke criteria: 61.4+16.4(9) 0.84 (C10.79-0.88) (9)
(11,28), 138 (11) (11,21, 28) 60 +8.5(11) 0.694 (CI 0.610-0.770) (11)
Observational 671 (12) active IE (9) 61 £14(12) 0.64 (CI0.58-0.68) (12)
retrospective (23,24) | 324 (28) left-sided active IE (12, 23) 61.8 +14.6 (28) 0.703 (CI 0.650-0.752) (28)
107 (21) native and prosthetic valve ACTIVE 58.1 &+ 14.5(21) 0.68 (CI0.57-0.79) (21)
192 (22) IE (24) 65.2 4 15.2 (22) 0.695 (CI 0.598-0.792) (22)
180 (23, 24) including implantable cardiac devices | 63.4 & 13.8 (23) 0.73 (CI0.66-0.79) (23)
3) 63.241(24) 0.73 (C1 0.66-0.79) (24)
MEDICAL patients with definite IE
(Mod Duke’s) not considered for
surgery. Incl all valves and devices
(22)
De Feo Score 2012 1980-2009 6 Post-operative Prospective (3, 10) 361 (3) Surgical patients with definite IE as 59.1 £15.4(3) 0.722 (CI 0.654-0.790) (3) No
(10) mortality (in- Retrospective (11, 440 (10) defined by modified Duke criteria: 49 +16(10) 0.88 (CI 0.82-0.93) (10)
hospital/30-day) 22,25,28) 138 (11) (11,28) 60 £8.5(11) 0.695 (CI0.611-0.771) (11)
Observational 324 (28) native valve IE only (10) 61.8 +14.6 (28) 0.615 (CI 0.559-0.668) (28)
retrospective (23,24) | 192 (22) left-sided active IE (23) 65.2 +15.2(22) 0.584 (CI 0.489-0.680) (22)
180 (23, 24) native and prosthetic valve ACTIVE 63.4 +13.8(23) 0.68 (CI10.58-0.76) (23)
146 (25) IE (24, 25) 63.24+1(24) 0.68 (CI 0.58-0.76) (24)
including implantable cardiac devices | 48.8 & 16.0 (25) 0.744 (CI 0.590-0.899) (25)
)
MEDICAL patients with definite IE
(Mod Duke’s) not considered for
surgery. Incl all valves and devices
(22)
ANCLA score 2017 2000-2015 5 In-hospital Retrospective (11, 138(11) Surgical patients with definite IE as 60+ 8.5(11) ANCLA pre-op No
(11) mortality 28) 324 (28) defined by modified Duke criteria 61.8 +14.6 (28) 0.828 (CI 0.754-0.887)
(11, 28) ANCLA combined
0.823 (CI 0.749-0.883) (11)
0.842 (CI 0.798-0.880) (28)
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Risk-E 2017 1996-2014 8 In-hospital Prospective (12) 671 (12) Surgical patients with definite IE as 61 +14(12) 0.82 (CI 0.75-0.88) (12) Yes (12)
Endocarditis mortality Retrospective (21, 324 (28) defined by modified Duke criteria: 61.8 4 14.6 (28) 0.76 (CI 0.64-0.88) n =204,
Score (12) 28) 107 (21) (21,28) 58.1 +£14.5(21) ext validation sample (12)
Observational 180 (23) left-sided active IE (12, 23) 63.4 4 13.8(23) 0.669 (CI 0.615-0.720) (28)
retrospective (23) 0.71 (CI 0.60-0.81) (21)
0.76 (CI10.78-0.82) (23)
EndoSCORE 2017 2000-2015 9 30-day mortality | Retrospective (13, 2,715 (13) Surgical patients with definite IE as 59.6 + 15.1 (13) 0.851 (CI 0.845-0.858) (13) No
3) 21,22, 28) 324 (28) defined by modified Duke criterija: 61.8 +14.6 (28) 0.663 (CI 0.609-0.715) (28)
107 (21) (21, 28) 58.1 +14.5(21) 0.76 (CI 0.66-0.86) (21)
192 (22) native and prosthetic valves (13) 65.2 +15.2(22) 0.724 (CI 0.634-0.814) (22)
MEDICAL patients with definite IE
(Mod Dukes) not considered for
surgery. Incl all valves and devices
(22)
APORTEI 2020 2008-2018 11 In-hospital/30- Prospective registry | 1,338 (14) Surgical patients with definite IE as 63.6 = 13.1(14) 0.75 (CI0.72-0.77) (14) Yes (14)
score (14) day (14) 111 (26) defined by modified Duke criteria (26) | 58.9 £ 13.7 (26) 0.88 (CI0.83-0.93) (26)
mortality Prospectiv (26) native and prosthetic valve ACTIVE
IE (14)
AEPEL 2017 2000-2015 5 In-hospital Prospective (3) 361 (3) Surgical patients with definite IE as 59.1 +15.4(3) 0.780 (CI 0.734-0.822) (3) Yes (3)
ScoreI (3) mortality Retrospective (21, 324 (28) defined by modified Duke criterija: 61.8 4+ 14.6(28) 0.787 (CI 0.738-0.830) (28)
22,28) 107 (21) (21, 28) 58.1 +14.5(21) 0.65 (CI0.53-0.77) (21)
192 (22) including implantable cardiac devices| 65.2 &+ 15.2 (22) 0.654 (CI 0.552-0.756) (22)
(3
MEDICAL patients with definite IE
(Mod Dukes) not considered for
surgery. Indl all valves and devices
(22)
AEPEI 2017 2000-2015 3 In-hospital Prospective (3) 361 (3) Surgical patients with definite IE as 59.1 +15.4 (3) 0.774 (CI 0.727-0.816) (3) Yes (3)
Score II mortality Retrospective (22, 324 (28) defined by modified Duke criteria: 61.8 +14.6(28) 0.771 (CI 0.722-0.816) (28)
(alternate 28) 192 (22) (28) 65.2 £15.2(22) 0.633 (CI10.527-0.739) (22)
model) (3) including implantable cardiac devices
(3)

MEDICAL patients with definite IE
(Mod Duke’s) not considered for
surgery. Incl all valves and devices
(22)
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Endpoints Neutrophil < Neutrophil >
9.59 x 109/L 9.59 x 109/L value
(n=217) (n=250)
Mortality 7 (32%) 27 (10.8%)
Gastrointestinal 2 (09%) 10 (4.0%)
bleeding

Paraplegia 8 (3.7%) 12 (4.8%)
Acute kidney failure 34 (15.7%) 56 (22.4%)
Reopen the chest 2 (0.9%) 5 (2.0%)
Low cardiac output 6 (28%) 19 (7.6%)
syndrome

Cerebrovascular 8 (3.7%) 18 (7.2%)
accident
MODS 3 (14%) 9 (3.6%) 013

T —





OPS/images/fcvm-10-1095646/fcvm-10-1095646-t003.jpg
Variables Coefficient
Gender/male 0.127
Age 0055
Smoke/no 0.188

Hypertension/no —0219
Diabetes/no —0.090

CABG/no —0424
CPB 0170
ACC 0328
Neutrophil <9.59 ~0370
NLR <9.18 —0.029
Creatinine <9224 -0324

CABG: coronary artery bypass graft; CPB: cardiopulmonary bypass; ACC: aortic
cross-clamp time: NLR: neutrophil to lymphocyte ratio; AST: aspartate
aminotransferase
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Variables 0Odds ratio 95% Cl

Gender/male 033 0.11-0.95 0.04
Neutrophil >9.59 3.07 122-775 0.02
Creatinine > 92.24 3.06 123-7.62 0.02
CABG/with 954 347-26.20 <001
ACC 1.01 1.00-1.02 <0.01

T L~
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Overall (n=467) Survivor (n=433) Non-survivor (n = 34) P-value

Demographics
Age (years) 52,06 1059 5174 £1049 5609 = 11.12 0.02
Gender/male 394 (84.37%) 367 (84.75%) 27 (79.41%) 0.41
BMi(kg/m’) 2475+3.95 2473+374 2491612 0.79
Smoking’ 161 (34.48%) 154 (35.57%) 7 (2059%) 0.08
Medical history

Hypertension 320 (68.52%) 291 (67.21%) 29 (85.3%) 0.03
Diabetes 8 (171%) 7 (1.62%) 1295 0.57
CAD 46 (9.85%) 40 (924%) 6 (17.65%) 0.11
Known history of cardiovascular surgery 38 (8.14%) 36 (831%) 2 (5.9%) 0.62
MES 24 (5.14%) 24 (5.54%) 0 (0.0%) 0.16
Aortic regurgitation 0.03
Non/mild 293 (69.1%) 18 (52.9%)

Moderate 74 (17.5%) 13 (38.2%)

Severe 57 (13.4%) 3 (88%)

Laboratory results

‘White blood cell count ( x10%) 12.80 = 3.79 12.74 +3.86 13.59+2.75 0.21
Neutrophil (x10%) 1023 =365 1012 =367 11.702.98 0.01
Lymphocyte (x10°) 107 (0.83-1.44) 1.08 (0.85-1.44) 102 (0.69-1.47) 0.30
Platelets (x10%) 184 (152-228) 185 (152-228.5) 164 (146.5-211) 0.07
NLR 922 (6.13-13.45) 8.86 (6.03-13.18) 1142 (8.00-16.80) <001
Serum creatinine (g/dl) 90.00 (71.10-115.33) 89.39 (70.83-111.89) 103.12 (82.73-137.64) 0.73
AST 240 (190-34.0) 24.0 (180-34.0) 285 (218-368) 0.67
ALT 210 (148-32.0) 210 (140-320) 240 (175-300) 0.64
Operative information

CPB time (minute) 2405 (2100-279.0) 2365 (208.0-274.0) 2985 (259.5-365.3) <001
CABG 31 (664%) 18 (4.16%) 13 (38.23%) <001
ACC time (minute) 1343+ 411 1313 37.8 1720595 <001
Bentall 107 (2291%) 100 (23.09%) 7 (2059%) 0.74
Total arch replacement 449 (96.15%) 416 (96.07%) 33 (97.06%) 0.77

*Smmoking is defined as current smoking (smoking more than 100 cigarettes and having smoked in the last 1 month) and ex-smokin
BMI: body mass index; CAD: coronary arterial disease; MFS: Marfan syndrome; NLR: neutrophil to lymphocyte ratio; AST: aspartate aminotransferase; ALT: Alanine
aminotransferase: CPB: cardiopulmonary bypass: ACC: aortic cross-clamp time: CABG: coronary artery bypass araft.
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Total OPCAB On-pump Valve-

(n=64) (n=28) CABG CABG
(n=16) (n=20)
Patient population
Age (years) 70 (62-74) 70 (62-77) 69 (61-72) 71 (67-76)
Male gender (1) 51 (80%) 24 (86%) 11 (68%) 16 (80%)
Body mass index (kg/mz) 27 (25-31) 27 (26-30) 27 (25-31) 27 (23-30)
Tobacco smoking
Pack years (years) 4(0-34) 23 (0-45) 0.5 (0-36) 0 (0-6)
n=234 n=19 n=38 n=7
Preoperative blood laboratory values
Hemoglobin (g/L) 140 (131-149) 140 (134-151) 141 (126-148) 141 (134-149)
Platelet count (g/L) 223 (179-258) 224 (182-255) 223 (190-266) 218 (173-265)
hsTroponin (ng/L) 14 (8-27) 14 (8-34) 17 (12-39) 13 (8-17)
Creatinine (jLmol/L) 84 (72-98) 89 (71-99) 80 (72-93) 83 (77-93)
Cardiac surgery details
EuroSCORE II (points) 1.9 (1.1-2.9) 1.2 (0.9-22) 1.9 (1.1-3.8) 2.8 (1.9-4.0)
Type of surgery
Elective (1) 43 (67%) 16 (57%) 10 (63%) 17 (85%)
Urgent (n) 21 (33%) 12 (43%) 6 (38%) 3 (15%)
Surgery duration (min) 270 (237-326) 254 (200-276) 257 (245-298) 321 (265-360)
CPB duration (min) 97 (0-138) n.a. 115 (105-123) 153 (136-185)
Aortic cross clamp duration (min) 61 (0-95) n.a. 71 (61-82) 111 (92-135)
Bypass grafts (n) 3(2-4) 3(3-4) 3(3-4) 2(1-3)
Lowest body temperature (°C) 35.0 (34.0-35.6) 35.6 (35.2-36.3) 34.7 (34.0-35.3) 33.8 (32.7-34.2)
Intraoperative fluid administration (L) 4.2 (2.6-5.4) 5.1 (4.1-6.6) 2.9 (2.5-3.3) 3.3 (2.3-4.6)
Echocardiography
Preoperative LVEF (%) 60 (51-62) 55 (50-60) 57 (50-61) 60 (55-65)
Postoperative LVEF (%) 55 (50-65) 55 (50-61) 58 (50-65) 58 (49-65)
Intraoperative blood product transfusions
Patients with RBC transfusions (r) 6 (9%) 1 (4%) 1 (6%) 4 (20%)
RBC units (1) 0.2 (£0.7) 0.1(£0.8) 0.2 (£0.8) 0.2 (£0.4)
Patients with platelet transfusions (1) 11 (17%) 3 (11%) 2 (13%) 6 (30%)
Platelet units (n) 0.2 (£0.5) 0.1 (%£0.3) 0.2 (£0.5) 0.4 (£0.7)
Intraoperative steroid stress dose administration
Hydrocortisone (1) 7 (11%) 2 (7%) 2 (13%) 3 (15%)

CABG, coronary artery bypass grafting; CBP, cardiopulmonary bypass; CRP, C-reactive protein; LVEE, left ventricular ejection fraction; n.a., not applicable; OPCAB, off-pump coronary
artery bypass grafting; RBC, red blood cells. Values are presented as number (percentage), median (interquartile range), or mean (£SD).
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Total OPCAB On-pump Valve-

(n=64) (n=28) CABG CABG
(n=16) (n=120)
Length of stay and patient survival
Length of ICU stay (days) 1(1-2) 1(1-1) 1(1-2) 2 (1-4)
Length of hospital stay (days) 8(7-12) 7 (7-11) 8(7-12) 9 (8-13)
Survival ICU (n) 64 (100%) 28 (100%) 16 (100%) 20 (100%)
Survival hospital (1) 62 (97%) 28 (100%) 14 (88%) 20 (100%)
ICU scores
SAPS I (points) 28 (24-34) 28 (26-33) 26 (24-28) 32 (26-35)
SOFA ICU admission day (points) 6 (6-8) 6(6-7) 6(5-8) 8(6-9)
SOFA POD 1 (points) 7 (4-8) 6 (4-8) 7 (5-8) 7 (5-9)
n=23 n=7 n=>5 n=11
Neurologic system
Postoperative delirium (n) 11 (17%) 2 (7%) 3 (19%) 6 (30%)
Blood laboratory values at ICU admission
Hemoglobin (g/L) 112 (95-124) 115 (102-131) 104 (93-120) 105 (94-121)
Platelet count (G/L) 137 (110-172) 147 (122-178) 148 (118-176) 115 (80-140)
hsTroponin (ng/L) 566 (297-1,635) 289 (212-434) 840 (489-1,083) 2415
(1,569-3,956)
Creatinine (mol/L) 77 (59-86) 80 (66-89) 76 (57-84) 77 (63-84)
Cardiovascular system
Duration of hemodynamic instabilityl (h) 9(0-19) 6 (0-16) 12 (0-19) 15 (5-35)
Drug support at ICU admission
Norepinephrine (1) 63 (98%) 27 (96%) 16 (100%) 20 (100%)
Norepinephrine dose (jLg/min) 8 (5-14) 8 (5-14) 7 (5-10) 10 (7-16)
Inotropes (n) 13 (20%) 3 (11%) 4 (25%) 6 (30%)
Drug support at ICU admission + 8 h
Norepinephrine (1) 50 (78%) 20 (71%) 11 (69%) 19 (95%)
Norepinephrine dose (j1g/min) 5(1-12) 4(0-12) 3(0-11) 7 (4-11)
Inotropes (1) 12 (19%) 3(11%) 4 (25%) 5(25%)
Postoperative steroid stress dose administration (0-8 h of ICU)
Hydrocortisone (1) 10 (16%) 4 (14%) 2 (13%) 4 (20%)
Fluid balance
ICU admission day (L) 2.9(1.9-4.4) 2.5 (1.9-4.0) 2.8(2.0-4.4) 3.4(22-49)
Postoperative day 1 (L) 0.7 (-0.2 to 1.5) 0.5 (-1.5t00.8) 1.1(0.8-1.3) 0.5 (-0.4 t0 2.3)
n=24 n=_8 H=>5 n=11
Postoperative blood product transfusions (0-24 h of ICU)
Patients with RBC transfusions () 14 (22%) 7 (25%) 3 (19%) 4 (20%)
RBC units (1) 05 (£1.4) 0.3 (£0.5) 0.3 (£0.8) 0.8 (£2.3)
Patients with FFP transfusions (1) 3(5%) 0 (0%) 0 (0%) 3 (15%)
FEP units (1) 02 (£12) 0 (+0) 0 (£0) 0.8 (£2)
Patients with platelet transfusions (1) 6(9%) 1 (4%) 1 (6%) 4 (20%)
Platelet units (n) 0.2 (£0.7) 0(%£0.2) 0.1 (£0.2) 0.4 (£1.1)

«l»

FFP, fresh frozen plasma; ICU, intensive care unit; RBC, red blood cells; SAPS, simplified acute physiology score; SOFA, sequential organ failure assessment; POD, postoperative day.
defined as time from ICU admission until iv norepinephrine dosage <0.1 jLg/kg/min and no inotropic drug therapy. Values are presented as number (percentage), median (interquartile
range), or mean (£SD).
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Parameter Total (n = 64) OPCAB (n=28) On-pump CABG (n = 16) Valve-CABG (n = 20)

T1 T2 P-value T1 T2 T1 T2 T1 T2

WNT-5a (ng/ml) 0.78 (0.43-1.1) 1.3(0.93-1.9) p < 0.0001 0.75 (0.36-0.98) 1.1 (0.74-13) 1.1(0.76-2.1) 1.7 (1.4-222) 0.7 (0.27-0.90) 1.5 (0.65-2.3)
SFRP-1 (ng/ml) 0.09 (0.09-0.48) 0.09 (0.09-0.09) p=0.007 0.09 (0.09-0.09) 0.09 (0.09-0.09) 0.09 (0.09-1.1) 0.09 (0.09-0.17) 0.09 (0.09-6.2) 0.09 (0.09-0.26)
SFRP-5 (ng/ml) 1522 (10.3-23.6) 8.9 (3.8-12.8) p < 0.0001 14.3(9.7-18.2) 8.9 (4.1-11.6) 213 (13-31) 8.0 (0.6-17.3) 14.6 (9.6-23.1) 9.6 (5.5-12.8)
WIF-1 (ng/ml) 0.17 (0.08-0.28) 0.13 (0.09-0.3) p=0.84 0.12 (0.06-0.21) 0.10 (0.09-0.18) 0.19 (0.08-0.29) 0.13 (0.03-0.39) 0.19 (0.12-0.41) 0.18 (0.13-0.44)
Ratio WNT-5a/sFRP-5 0.04 (0.02-0.07) 0.14 (0.10-0.26) p < 0.0001 0.03 (0.02-0.08) 0.13 (0.08-0.17) 0.05 (0.03-0.10) 0.19 (0.03-1.9) 0.03 (0.00-0.06) 0.15 (0.02-0.23)
Ratio WNT-5a/WIF-1 34 (1.5-182) 8.4(3.2-22.6) p=0.004 52 (1.7-34.1) 10.5 (0.69-22.9) 49(3.1-33.4) 14.5 (4.4-83.0) 1.8 (1.5-3.3) 43(29-8.8)
IL-6 (ng/ml) 0.00 (0.00-0.00) 0.29 (0.14-0.66) p < 0.0001 0.00 (0.00-0.00) 0.15 (0.11-0.33) 0.00 (0.00-0.00) 0.29 (0.15-0.4) 0.00 (0.00-0.00) 0.76 (0.33-1.3)
MCP-1a (ng/ml) 0.04 (0.02-0.05) 0.50 (0.28-1.0) p < 0.0001 0.03 (0.03-0.05) 0.34 (0.21-0.64) 0.03 (0.02-0.04) 0.55 (0.29-1.2) 0.04 (0.03-0.05) 1.1(0.74-1.5)
CRP (mg/L) 3(1-5) 2(1-4) p=0.045 3(1-6) 2(1-4) 4(1-6) 2(1-4) 2(1-4) 1(1-4)
White blood cell count (g/L) 7.1 (5.6-8.2) 12.6 (10.4-15.8) p < 0.0001 7.7 (6.5-8.4) 12.6 (11.5-17.0) 6.8 (5.8-7.6) 13.1 (82-15.1) 63 (5.4-7.6) 12.6 (10.1-14.2)

T1, baseline; T2, ICU admission; CABG, coronary artery bypass grafting; CRP, C-reactive protein; IL, interleukin; MCP, monocyte chemoattractant protein; OPCAB, off-pump coronary artery bypass grafting; sFRP, secreted frizzled-related protein; WNT,
wingless-related integration site; WIE, WNT inhibitory factor. Data are presented as median (interquartile range). For statistical analysis Wilcoxon tests for paired data were used.
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Endpoint log NT-proBNP

Coefficient

SE (coefficient)

Univariate

Mediastinitis (yes/no) 0.6845 02251 3.04 0.030
Multivariable

Mediastinitis (yes/no) 0.5200 02180 239 0.020
Previous MI 0.4916 02028 242 0.018
Age 0.0465 0.0099 471 <0.001
BMI —0.0403 0.0251 —1.61 0.090
Endpoint log troponin-T

Univariate

Mediastinitis (yes/no) 0.1962 06715 292 0.005
Multivariable

Mediastinitis 0.1483 0.0710 2.09 0.040
Previous MI 0.1470 0.0661 222 0.029
Age 0.0090 0.0032 280 0.007
BMI —0.0058 0.0816 —071 0.010

BMI, body mass index; MI, myocardial infarction.
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Controls p-value
(n =41)
Preoperative
Age (years) 67.0 (£9.9) 64.0 (£9.9) 0.30
Male gender (%) 87.8 78.0 0.13
Body mass index (kg/m?) 30.1 (£4.0) 27.0 (£3.9) <0.01
Hypertension (%) 64 61 0.60
NYHA (III-1V) (%) 68.2 49.1 0.09
Ejection fraction (%) 60 (£14.5) 66.2 (£9.9) 0.29
Left main stenosis (%) 317 268 0.28
Emergency surgery (%) 390 244 0.12
Unstable angina (%) 439 244 0.05
Previous myocardial 65.9 34.1 <0.01
infarction (%)
Preoperative atrial 17.1 9.8 052
fibrillation (%)
Chronic obstructive 220 146 028
pulmonary disease (%)
Diabetes (%) 41.5 7.3 <0.01
Operative
Aortic cross-clamp time 36.1 (15.6) 32.5 (£13.9) 032
(min)
Cardio-pulmonary bypass 60.8 (428.5) 50.6 (+18.5) 0.12
time (min)
Postoperative
Mediastinal drainage (ml) 740 (£422) 695 (£278) 077
Blood transfusion (units) 1.2 (£2.6) 0.2 (£0.8) 0.03
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Demographics (101 patients)

Age [X £+ SD]
Over 60 [%]
Gender
Male [%
Female [%]

Not reported [%]

Race

Hispanic Latino [%]

Black [%)]

White [%]
Other/Asian/unknown [%]
Pre-existing conditions
Weigh

BMI

Charleston comorbidity index [X £ SD]
ACS/MI [%]

CHEF [%]

PVD [%]

CVA/TIA [%]

Dementia [%]

COPD [%]

DM [%]

Anesthesia and surgery data

Duration of anesthesia; mean £ SD [min]

Duration of surgery; mean £ SD [min]

Duration of cardiopulmonary bypass; mean =+ SD [min]

Coronary artery bypass surgery; no.

Mitral valvuloplasty and replacement; no.
Aortic valvuloplasty and replacement; no.
Aortic aneurysm repair; no.

Others; no

Estimated blood loss [ml]

Perioperative management

Transfusions during surgery

Packed red blood cells, mean (IQ25; IQ75) [mL]
Fresh frozen plasma, mean (1Q25; 1Q75) [mL]
Total crystalloid during surgery[mL]

Clinical care during 24 h post-surgery

Packed red blood cells, mean; (1Q25; 1Q75) [mL]
Fresh frozen plasma, mean; (IQ25; IQ75) [mL]
Corticosteroid administration (% of all cases)
Ketorolac administration (% of all cases)
Acetaminophen administration (% of all cases)
Acetylsalicylic acid administration

Opioids administration

BZD administration

ICU stay

APACHE score at 1 h, mean & SD

APACHE score at 24 h, mean 4 SD

APACHE score at 48 h, mean 4 SD

Outcome at 28 days

LOSICU

LOS hospital

DVT

PE

CVA

Discharged/in the healthcare facility/expired

62.6 = 12.44

33.7%

75.24%
24.75%
0%

1.98%

5.94%

90.1%
3.96

84.6 £21.33
27.6 =547

3.9+£2.03

13.86%
15.8%
9.9%
9.9%

0%

5.94%
28.7%

372.3 £105.89

266.8 +101.34
129.2 £ 65.04
51
26

40

8
4
201.1 +283.89

115 [0; 1,200]
93.4 [0; 1,750]
1,252 & 552.38

12.1 [0;600]
9.1 [0; 750]
7.9%
7.9%
29.7%
32.7%
689.2 & 221.89

0.38 +2.34

16.0 £ 5.55

8.8 +4.29

8.4+4.11

8.1£40.23

10.1 +£21.08

0.99%
2.97%
6.93%
90.9%/5.94%/2.97%
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