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Editorial on the Research Topic
 Multiple organ dysfunctions in perioperative critical illness and the prognosis after anesthesia




During the perioperative period, patients may encounter a range of stress factors, such as blood loss, hypoperfusion, inflammatory responses, and multi-organ dysfunctions (MODS). The combined effects of these elements can profoundly shape a patient's post-anesthesia prognosis. With this in mind, we are excited to introduce a special edition Research Topic: “Multiple Organ Dysfunctions in Perioperative Critical Illness and the Prognosis After Anesthesia”. This theme endeavors to gather insights on the incidence and underlying mechanisms of MODS, explore novel monitoring/evaluation techniques and early biomarkers for organ dysfunction during the perioperative phase, and delve into the impact of anesthetic drugs on organ functions during this crucial time.

Regarding the mechanisms of multi-organ dysfunction in critical disease, Zhao et al. examined the influence of the HIF-1α/BNIP3L signaling pathway on sepsis-associated encephalopathy (SAE). Their findings indicated that the activation of the HIF-1α/BNIP3L pathway is associated with cognitive impairment. Concurrently, Wang Y. et al. investigated the role of Cathepsin B (CTSB) in the context of sepsis-induced acute kidney injury. They ascertained that mitochondrial apoptosis plays a pivotal role in the progression of sepsis-related kidney damage, yet CTSB has the potential to counteract this adverse effect. Building on this insight, they suggested that CTSB inhibition could emerge as a promising therapeutic avenue for mitigating sepsis-induced acute kidney injury during the perioperative period.

In this topic, a multitude of efficacious monitoring and evaluation measures for organ dysfunction have been unveiled. Xiao et al. honed in on the impact of individualized positive end-expiratory pressure (PEEP) under the guidance of electrical impedance tomography on the distribution of pulmonary ventilation in patients undergoing abdominal thermal perfusion chemotherapy. Their findings illuminate a novel individualized therapeutic approach to enhance lung functionality in perioperative patients. Meanwhile, Li et al. explored the optimal oxygen therapy strategy for perioperative patients diagnosed with SAE. Their research elucidated a significant correlation between oxygen therapy modalities and the incidence of SAE, leading to the formulation of a targeted oxygen therapy objective for SAE. Lastly, through a comprehensive network meta-analysis, Wang J. et al. compared various mechanical ventilation strategies in obese patients. They determined that volume-controlled ventilation, when combined with individualized PEEP and a recruitment maneuver, stood out as the most effective method to bolster the PaO2/FiO2 ratio, thus offering a tangible guideline and treatment approach to expedite postoperative recovery in obese individuals.

In recent years, there has been a marked surge in research focusing on early biomarkers for organ dysfunction in critical illnesses. Notably, efforts geared toward evaluating and pinpointing effective biomarkers, especially through the lenses of organelle damage and mitochondrial metabolic anomalies, have gained considerable traction. In this context, the studies of Hao et al. and Shu Q. et al. delved into the potential of mitochondrial-associated genes in the early diagnosis of sepsis. Their findings underscored the significant diagnostic merit of assessing mitochondrial function when gauging organ damage and determining risk stratification in sepsis scenarios. Concurrently, Zhou et al. embarked on a quest to ascertain the role of genes linked to the endoplasmic reticulum in the precursory diagnosis of sepsis. Their insights pave the way for prospective therapeutic and diagnostic strategies for multi-organ dysfunction syndrome (MODS) arising from sepsis. Additionally, She et al. explored the influence of genes associated with lipid metabolism on immune modulation in sepsis. Their contributions shed light on potential therapeutic avenues that, by adjusting metabolism, can bolster immune functionality in septic patients.

Furthermore, several studies have scrutinized and analyzed the predictive accuracy of extant clinical indicators concerning perioperative organ function and patient outcomes during the perioperative phase. Specifically, Tian et al. assessed the repercussions of preoperative inflammation on primary outcomes post-cardiac valve surgery. They discerned that preoperative inflammatory markers, including levels of C-reactive protein, erythrocyte sedimentation rate, and the neutrophil-to-lymphocyte ratio, hold predictive value for clinical outcomes following heart valve procedures. Zhu, Bi, Yu et al. gauged the prognostic significance of preoperative high-sensitivity cardiac troponin T (hs-cTnT). Their findings revealed a notable association between elevated preoperative hs-cTnT concentrations and increased long-term mortality following non-cardiac surgeries. This underscores the potential of preoperative hs-cTnT as a pivotal biomarker for evaluating the long-term prognosis of patients post non-cardiac surgeries, offering foundational insights for preoperative risk stratification and ensuing patient care and management. In a separate study, Zhu, Bi, Liu et al. evaluated the prognostic efficacy of the pre-surgical neutrophil-to-lymphocyte ratio (NLR) on postoperative mortality and complications. A notable revelation from their study is the establishment of a threshold NLR value of 3.6, which is markedly associated with escalated in-hospital mortality rates and increased ICU admissions post-surgery. Shu B. et al. delved into the predictive potential of perioperative NLR shifts as biomarkers for chronic post-surgical pain (CPSP) and quality of life. Analyzing data from 968 abdominal surgery patients, they found that 13.53% reported CPSP 1 year post-surgery. A myriad of risk factors—including age, surgery type and duration, postoperative neutrophil count and NLR, and others—correlated with heightened CPSP risk. Critically, a NLR change ratio (post-surgery vs. pre-surgery) of ≥ 5 was closely linked with CPSP, intensity of pain, and diminished quality of life. Additionally, Chen et al. delved into the predictive merit of the monocyte-lymphocyte ratio concerning postoperative acute kidney injury and patient outcomes among those with aortic dissection. Their findings illuminate the potential of the monocyte-lymphocyte ratio as a viable biomarker for postoperative acute kidney injury and overall patient prognosis.

The effects of anaerobic drugs on organ functions has emerged as a pivotal area of investigation in perioperative research. Wei et al. appraised the effectiveness of dexamethasone and diazepam as supplemental agents in epidural anesthesia for arthroscopic shoulder procedures. Their findings indicate that both pharmaceuticals extend the analgesic duration and curtail medication intake, with dexamethasone exhibiting pronounced superiority. Zhang and Yin embarked on an exploration of how anesthetics might influence postoperative cognitive dysfunction. Their research unveiled that anesthetics possess the capacity to elicit both anti-inflammatory and pro-inflammatory responses, chiefly through modulating microglial activity. Additionally, Meng et al. examined the repercussions of administering butorphanol prior to anesthesia on the incidence of emergence agitation in patients subjected to thoracic operations. Their data suggests that butorphanol administration is efficacious in diminishing the onset of emergence agitation among thoracic surgery recipients, thereby enhancing post-surgical outcomes.

In summary, by delving into the study of multi-organ dysfunction during critical illnesses and the post-anesthesia diagnosis, we can better identify and mitigate complications, notably perioperative organ damage. This enhances both the therapeutic outcomes and survival rates of perioperative patients, holding significant value for early intervention and prevention.
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Objectives

New ventilation modes have been proposed to support the perioperative treatment of patients with obesity, but there is a lack of consensus regarding the optimal strategy. Therefore, a network meta-analysis update of 13 ventilation strategies was conducted to determine the optimal mode of mechanical ventilation as a protective ventilation strategy decreases pulmonary atelectasis caused by inflammation.



Methods

The following databases were searched: MEDLINE; Cochrane Library; Embase; CINAHL; Google Scholar; and Web of Science for randomized controlled trials of mechanical ventilation in patients with obesity published up to May 1, 2022.



Results

Volume-controlled ventilation with individualized positive end-expiratory pressure and a recruitment maneuver (VCV+PEEPind+RM) was found to be the most effective strategy for improving ratio of the arterial O2 partial pressure to the inspiratory O2 concentration (PaO2/FiO2), and superior to pressure-controlled ventilation (PCV), volume-controlled ventilation (VCV), volume-controlled ventilation with recruitment maneuver (VCV+RM), volume-controlled ventilation with low positive end-expiratory pressure (VCV+lowPEEP), volume-controlled ventilation with lower positive expiratory end pressure (PEEP) and recruitment maneuver (VCV+lowPEEP+RM), and the mean difference [MD], the 95% confidence intervals [CIs] and [quality of evidence] were: 162.19 [32.94, 291.45] [very low]; 180.74 [59.22, 302.27] [low]; 171.07 [40.60, 301.54] [very low]; 135.14 [36.10, 234.18] [low]; and 139.21 [27.08, 251.34] [very low]. Surface under the cumulative ranking curve (SUCRA) value showed VCV+PEEPind+RM was the best strategy for improving PaO2/FiO2 (SUCRA: 0.963). VCV with high positive PEEP and recruitment maneuver (VCV+highPEEP+RM) was more effective in decreasing postoperative pulmonary atelectasis than the VCV+lowPEEP+RM strategy. It was found that volume-controlled ventilation with high positive expiratory end pressure (VCV+highPEEP), risk ratio [RR] [95% CIs] and [quality of evidence], 0.56 [0.38, 0.81] [moderate], 0.56 [0.34, 0.92] [moderate]. SUCRA value ranked VCV+highPEEP+RM the best strategy for improving postoperative pulmonary atelectasis intervention (SUCRA: 0.933). It should be noted that the quality of evidence was in all cases very low or only moderate.



Conclusions

This research suggests that VCV+PEEPind+RM is the optimal ventilation strategy for patients with obesity and is more effective in increasing PaO2/FiO2, improving lung compliance, and among the five ventilation strategies for postoperative atelectasis, VCV+highPEEP+RM had the greatest potential to reduce atelectasis caused by inflammation.



Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/,  identifier CRD42021288941.
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1. Introduction

The steady increase in obesity in adults is producing clinical conditions that are prevalent worldwide (1). As the number of individuals with obesity increases, so does the number of patients with obesity undergoing surgery and requiring mechanical ventilation. Even if lung function is normal, patients under general anesthesia are prone to complications such as impaired respiratory gas exchange and mechanics or pulmonary atelectasis. Pulmonary atelectasis is a common complication after patients with obesity have been mechanically ventilated. It not only reduced the oxygenation of blood and lung compliance but also caused local tissue inflammation, immune dysfunction and injury to the alveolar-capillary barrier, leading to reduced lung fluid clearance and increased lung injury (2). This condition is associated with the local synthesis and secretion of cytokines that stimulate inflammatory responses. Local immune dysfunction in atelectasis mainly involves cytokine and inflammatory responses. In addition, atelectasis alone can stimulate alterations in the immune functions of key cells (3). It enhanced alveolar macrophage cytokine secretion in rats (4), impaired phagocytosis of bacteria by macrophages in piglets in vitro (5), and reduced local lymphocytes bronchoalveolar functions in the dog (6). Different immune transcriptome patterns were recorded in atelectasis vs. sheep lungs that were ventilated, with fewer NF-κB-related genes being involved in atelectasis (7). Thus, the finding of similarities in inflammatory injury in atelectasis and ventilated lungs may stem from different responses to various cytokines (8). Patients with obesity have accumulations of fat that can limit chest wall compliance and decrease total lung capacity. This can reduce lung compliance and functional residual capacity, lead to inadequate O2 storage and impaired respiratory mechanics during ventilation, thus contributing to postoperative pulmonary atelectasis (9), requiring longer hospital stays for these patients (10). Therefore, it is essential to select the optimal ventilation strategy for patients with obesity to improve intraoperative oxygenation and reduce postoperative pulmonary atelectasis.

In a previous meta-analysis of ventilation strategies, it was concluded that volume-controlled ventilation with high positive expiratory end pressure and recruitment maneuvers (VCV+highPEEP+RM) were better than other strategies with regard to improvements in the ratio of the arterial O2 partial pressure to the inspiratory O2 concentration (PaO2/FiO2), intraoperative lung compliance, and in the prevention atelectasis during anesthesia inpatients with obesity. In contrast, pressure-controlled ventilation with lower positive expiratory end pressure (PCV+lowPEEP) was least able to improve oxygenation for patients with obesity (11). However, no comprehensive comparison of pulmonary atelectasis and lung compliance have been conducted. A recent multicenter, large-sample study reported that in patients with obesity undergoing general anesthesia, VCV+highPEEP+RM did not reduce postoperative pulmonary atelectasis compared to volume-controlled ventilation with low positive expiratory end pressure (VCV+lowPEEP) (12). In addition, new ventilation strategies have emerged in the last five years that have not yet been evaluated in this way. Excessively high positive expiratory end pressure (PEEP), however, can elicit barotrauma and hemodynamic instability. Therefore, the lowest value of PEEP that maintains the alveoli open has been termed “ideal PEEP”. Individualized PEEP involved determining optimal PEEP according to patients specific characteristics, including lung dynamic compliance and the driving pressure (13). Based on the above findings, we provide an updated meta-analysis of ideal strategies for the mechanical ventilation of patients with obesity.



2. Materials and methods

The current network meta-analysis follows the 2020 PRISMA guidelines (14) and is registered with PROSPERO (CRD42021288941).


2.1 Literature search

JW and JZ (2 authors) each searched MEDLINE, Cochrane Library, Embase, CINAHL, Google Scholar and Web of Science databases independently to identify appropriate articles published from the start until May 1, 2022. There were no language restrictions. Keywords in the PubMed data repository were searched as follows: (ventilation OR respiration OR pulmonary gas exchange) OR (tidal volume) OR (positive end-expiratory pressure OR positive end-expiratory positive pressure OR PEEP) OR (recruitment-action) AND (obese OR obesity OR bariatric OR overweight OR overnutrition) AND (surgery OR surgical OR operation OR operative). We also reviewed the reference lists of previously published reviews and meta-analyses to properly screen for further relevant studies.



2.2 Inclusion and exclusion criteria

JW and JZ independently assessed the eligibility for a study to be included from the article title, abstract and full text. A third author (CY) was invited to mediate a decision when there was disagreement. Inclusion criteria were (1): An intervention was defined as intraoperative ventilation strategy that was based on a low VT (≤ 8 mL/kg) and the predicted body weight (PBW); articles were allocated to groupings according to the PEEP level (low [≤ 5 cmH2O], high [≥ 10 cmH2O]) and with or without recruitment maneuvers (RMs); (2) a body mass index (BMI) ≥ 30 kg/m2 and adults aged between 18 and 65 years old; (3) randomized controlled trials (RCTs); and a requirement for intraoperative mechanical ventilation. Exclusion criteria were: non-invasive ventilation; BMI values < 30 kg/m2; pediatric trials; reviews; observational studies; case reports of retrospective studies; animal studies; and repeat studies.



2.3 Outcome measurements and data extraction

Primary outcomes were the intraoperative PaO2/FiO2 ratio and postoperative pulmonary atelectasis. Secondary outcomes included intraoperative lung compliance. If multiple measurements of the same outcome indicator occurred during the operation, the last measured value was taken. When necessary, data extraction forms were sent to the original authors to request complete data or missing data. If no author response, the mean was deemed to equivalent to the median and the SD was appropriately estimated.



2.4 Evaluation of article quality

Two authors (CZ and WWZ) each determined the risk of bias using the Cochrane risk-of-bias tool for randomized trials (RoB2); a third author (CY) was invited to resolve any disagreements. The Cochrane risk-of-bias tool evaluates 7 parameters: selection (including random sequence generation and allocation concealment), implementation (including blinding of investigators and subjects), measurement (blinded assessment of study outcomes), follow-up (completeness of outcome data), reporting (selective study reporting of results), and other (other sources of bias); each of these items was classified as “low risk of bias”, “unclear” or a “high risk of bias” (15).

Two authors (XLH and GYD) independently evaluated the credibility of the network meta-analysis using the Confidence in Network Meta Analysis (CINeMA) web application, which consists of 6 parameters: within-study and across-study bias, indirectness, imprecision, heterogeneity, and inconsistency. Each parameter was assessed to be of “no”, “minor”, or “major” for concern and an assessment of confidence with each outcome (high, medium, low, or very low) (16). When there was disagreement between the two evaluators, a third author (CY) was invited to discuss and contribute to the final decision.



2.5 Statistical analysis

Bayesian network meta-analysis was used for each outcome to compare the effects of the various ventilation strategies. STATA/MP software (ver. 16) was employed to generate network meta-plots and analyze the results. In each network diagram, line thickness was proportional to the number of trials used for comparison, and the node size corresponded to the total sample size. The effects of each mechanical ventilation strategy were measured according to the intraoperative PaO2/FiO2 and lung compliance in patients with obesity using the mean difference (MD) and the 95% CIs as parameters.

The risk ratio (RR) and 95% CIs were used to evaluate the incidence of postoperative pulmonary atelectasis. This analysis used the surface under the cumulative ranking curve (SUCRA) to rank the effects of different ventilation strategies on outcome indicators. Larger SUCRA values indicate a greater effect of the ventilation modality on outcome indicators and a superior clinical choice. A SUCRA score of 100% indicates that the intervention was effective, and a score of 0% indicates that the intervention was ineffective (17). Publication bias was evaluated using funnel plots, where points that were evenly distributed indicated a small bias for the included RCTs. A design-by-treatment model was employed to determine global inconsistency across the network meta-analysis and the node splitting method to evaluate a local inconsistency in performing the consistency analysis. The results are given as P-values, inconsistency factors and 95% CIs. If the P-value was > 0.05 and the inconsistency factor was near to 0, the direct comparison evidence was deemed to be consistent with that of the indirect comparison (18).



2.6 Heterogeneity analysis

Systematic heterogeneity was assessed by testing I2 values and ratios with 95% CIs. I2 equal to 0% a represented no heterogeneity, I2 equal to 25% indicated low heterogeneity, I2 equal to 50% represented moderate heterogeneity, and I2 equal to 75% high heterogeneity. I2 values greater than 50% are considered the cut-off point for determining the presence of considerable heterogeneity (19).



2.7 Sensitivity analysis

Initially 23 RCTs were included that examined a total of 13 types of ventilation. Sensitivity analysis was conducted using the one-by-one elimination method.




3. Results

A total of 120,404 relevant articles were found by searching the databases and web pages. After excluding duplicate literature, 2,514 articles remained. After an initial screen of titles and abstracts, 54 potentially eligible studies were identified for which the full text was retrieved and a more detailed evaluation made. After the full-text assessment, 30 studies were found that did not meet the inclusion criteria. We also excluded 1 article after sensitivity analysis. Finally, 23 RCTs were included (12, 20–41), which involved a total of 3,364patients with obesity who were randomized to 13 ventilation strategies (Figure 1). Information extracted from each article included the first author, publication year, design of the study, surgery type, patient data (age, country, American Society of Anesthesiologists physical status classification [ASA], BMI and sample size), ventilation strategy, outcome measures (PaO2/FiO2, intraoperative lung compliance, postoperative pulmonary atelectasis) (Table 1).




Figure 1 | Flow chart of literature search.




Table 1 | Basic characteristics of the included studies.




3.1 Primary outcomes


3.1.1 Intraoperative PaO2/FiO2 ratio

There were 17 RCTs (20–25, 31–41) involving a total of 985 patients with obesity, which assessed the MD of the overall effect size of the intraoperative PaO2/FiO2 across the 11 ventilation strategies (Figure 2). The network meta-analysis showed that the ventilation strategy volume-controlled ventilation with individualized positive end-expiratory pressure and recruitment maneuver (VCV+PEEPind+RM) was more efficacious in improving PaO2/FiO2 than pressure-controlled ventilation (PCV), volume-controlled ventilation (VCV), volume-controlled ventilation with recruitment maneuver (VCV+RM), VCV+lowPEEP or volume-controlled ventilation with lower positive expiratory end pressure and recruitment maneuver (VCV+lowPEEP+RM), MD [95% CI] and [quality of evidence]: 162.19 [32.94, 291.45] [very low]; 180.74 [59.22, 302.27] [low]; 171.07 [40.60, 301.54] [very low]; 135.14 [36.10, 234.18] [low]; and 139.21 [27.08, 251.34] [very low] (Figure 3). The SUCRA value ranked VCV+PEEPind+RM to be the best improved PaO2/FiO2 intervention (SUCRA: 0.963). The ventilation strategy VCV+highPEEP+RM has more potential to improve intraoperative PaO2/FiO2. The supporting information shows network plots of PaO2/FIO2, MD values and 95% CIs, credibility (Figures S1, S4) and SUCRA rankings for various ventilation strategies (Figure 6).




Figure 2 | Network plots of main indicators. (A) PaO2/FiO2, (B) pulmonary atelectasis, (C) lung compliance.






Figure 3 | League table of PaO2/FiO2 under different ventilation strategies.





3.1.2 Postoperative pulmonary atelectasis

In 4 RCTs (12, 23, 27, 35), a total of 2,264 patients with obesity were reported to have postoperative complications, and 5 ventilation strategies were examined (Figure 2). CT imaging of the chest was carried out on patient admission and also after discharge from the Post-anesthesia Care Unit. CT images were assessed for evidence of atelectasis, and classified into four main types depending on the thickness thus (1): lamellar atelectasis (< 3 mm); (2) plate atelectasis (3–10 mm); (3) segmental atelectasis (> 10 mm but less than one lobe); and (4) lobar atelectasis (atelectasis involving the entire lower lobe) (43). The network meta-analysis revealed that the ventilation strategy VCV+highPEEP+RM was more effective in reducing postoperative pulmonary atelectasis compared with the ventilation strategies VCV+lowPEEP+RM ([RR 0.56] 95% CI [0.39, 0.81] [moderate]). Compared with the ventilation strategy VCV+lowPEEP, the strategy VCV+lowPEEP+RM ([RR 0.56] 95% CI [0.34, 0.92] [moderate]) was more effective in reducing postoperative pulmonary atelectasis (Figure 4). SUCRA analysis showed that VCV+highPEEP+RM had the highest cumulative ranking (SUCRA 0.933). Network plots of pulmonary complication values, the ORs and 95% CIs, credibility (Figures S2, S5) and SUCRA rankings for various ventilation strategies are respectively shown in the supporting information (Figure 6).




Figure 4 | League table of pulmonary complications under different ventilation strategies.






3.2 Secondary outcomes

In 11 randomized trials (21, 23, 24, 26, 28–31, 33, 34, 36), a total of 630 patients with obesity were reported to have lung compliance values across 10 ventilation strategies (Figure 2). The quasistatic compliance of the respiratory system was evaluated as:

Tidal volume/inspiratory plateau pressure - end-expiratory pressure during no-flow at end-inspiration and end-expiration.

The network meta-analysis revealed that the ventilation strategy VCV+PEEPind+RM was more effective than PCV, PCV+lowPEEP, pressure control - volume assurance ventilation with low positive expiratory end pressure (PCV-VG+lowPEEP), pressure-controlled inverse ratio ventilation (PCIRV), VCV, VCV+RM, VCV+lowPEEP or volume-controlled ventilation with high positive expiratory end pressure (VCV+highPEEP) in improving lung compliance, MD [95% CI] and [quality of evidence]: 29.47 [18.45, 40.48] [moderate], 29.85 [19.45, 40.24] [moderate], 24.18 [13.16, 35.20] [low], 29.24 [14.52, 43.96] [low], 32.45 [19.19, 45.71] [low], 30.51 [19.48, 41.54] [moderate], 28.98 [20.24, 37.72] [low], 19.83 [10.45, 29.22] [low]. VCV+PEEPind+RM is the best method to improve lung compliance (SUCRA: 0.977) (Figure 5). The supporting information shows network plots of intraoperative lung compliance for various ventilation strategies, MD values and the 95% CIs and credibility (Figures S3, S6) and SUCRA rankings (Figure 6).




Figure 5 | League table of pulmonary compliance under different ventilation strategies.






Figure 6 | SUCRA ranking of the results in this meta-analysis.




3.2.1 Risk of literature bias, article quality assurance, heterogeneity, consistency and sensitivity

The risk of bias assessment for different ventilation strategies is shown in the supporting information (Figures S7, S8). In summary, 1 study (42) was assessed as having a high bias risk and was excluded. Two studies were assessed as being unclear (33, 35), and the rest deemed to be low risk (12, 20–32, 34, 36–41). All studies were symmetrically distributed within the funnel plot, indicating no publication bias (supporting information Figures S9–S11). Overall heterogeneity for each measure is as follows: PaO2/FiO2 I2 = 45.4%, pulmonary atelectasis test I2 = 14%, lung compliance I2 = 31.2% (supporting information Figures S12–S14). When excluding each study from the analysis individually, we found the quality of the article by Tuncali et al. (42).The P-values of the consistency tests were all > 0.05, and no inconsistency was found between the direct and indirect evidence (supporting information Figures S15–S17). For network meta-analysis estimates, the quality of evidence assessed by CINeMA analysis ranged from very low to high (supporting information Tables S1–S3).





4. Discussion

According to the network meta-analysis results, we found that the ventilation strategies VCV+PEEPind+RM were superior to 10 ventilation strategies in improving intraoperative PaO2/FiO2 and lung compliance. Of the 5 ventilation strategies for postoperative atelectasis, VCV+highPEEP+RM was shown to be the most effective in reducing atelectasis elicited by inflammation.

When compared with a fixed PEEP, individualized maneuvers on PEEP were found to offset end-expiratory volume, improve respiratory mechanics (44), reduce intrapulmonary shunt, permit a greater intraoperative respiratory compliance, enhance oxygenation ability, and improve intraoperative ventilation of patients, but these effects were not maintained early postoperatively (41, 45). It has been reported that an individualized PEEP core decreased postoperative pulmonary atelectasis while improving intraoperative oxygenation and driving pressures and minimizing complications (46). Taken together the latter results are in good agreement with our present findings, namely that ventilation strategies involving individualized patient PEEP are much more effective compared to other outcome evaluations.

The ventilation strategies VCV+PEEPind+RM were associated with optimal lung compliance. This is probably because PEEP maintains elastic retraction and enhances lung compliance, keeps alveoli open at the end of respiration, increases the functional residual air volume, causes alveoli to expand in a high applicable residual air volume state, and avoids excessive lung expansion and contraction during inspiration and expiration, thus reducing alveolar destruction (47).

Biological trauma caused by mechanical ventilation includes excessive alveolar expansion, periodic pulmonary atelectasis, immune cell activation and spillover of inflammatory mediators into the blood circulation. Several clinical studies have reported elevated concentrations of pro-inflammatory cytokines, such as interleukins 1, 6 and 8 and TNF-α in atelectasis, all of which are associated with inflammatory injury (48–50). Protective ventilation at a lower tidal volume and a higher PEEP level may reduce the negative cumulative effects of mechanical ventilation when the systemic inflammatory response syndrome occurs. Alveolar recruitment facilitates lung function and gas exchange, but protective mechanical ventilation strategies will likely reduce the generation of both local and systemic mediators of inflammation. Although we know that local immune disorders are closely associated with postoperative pulmonary atelectasis, clinical statistics are lacking, with only 1 of 23 included papers NMA describing perioperative TNF-α alterations, and noting that PCIRV may reduce the release of TNF-α and may prevent VCV-induced lung injury (33). The benefits of RM will be most marked when incorporated into a regimen of protective intrapulmonary ventilation (51, 52). Compared to zero PEEP or PEEP alone, pulmonary RM have been demonstrated to increase end-expiratory lung volume, improve compliance and reduce chest wall elasticity during laparoscopic procedures (53). However, multiple studies have failed to demonstrate that temporary improvements in lung mechanics or oxygenation are extended to the postoperative setting (12, 30).

Although the results of the present study have shown that VCV+highPEEP+RM has the greatest potential to reduce postoperative atelectasis, no statistically significant differences were found in the incidence of postoperative atelectasis between VCV+highPEEP+RM and VCV+lowPEEP. This result may be well be due to the relatively short operation times (average 2.5 h) for the 2 ventilation methods included in the analysis, perhaps being insufficient to have influenced the incidence of postoperative atelectasis. A more meaningful comparison would be the ventilation modes of VCV+highPEEP+RM and VCV+lowPEEP for longer surgery time (> 5 h).

This study had several limitations. First, it did not include every possible ventilation strategy. For example, the ventilation strategy volume-controlled equal ratio ventilation with high positive PEEP and RM was not studied. Second, different RMs affect outcome indicators, yet we did not differentiate between RMs. It would have been difficult to do so because the number of RCTs distinguishing between RMs is minimal. Third, tidal volume was not determined, and the effect of tidal volume on lung function was not explored. This is mainly because all tests adopted a protective ventilation strategy. Ventilation strategy metrics are available according to SUCRA, but there was no statistical difference between the best and next-best ranked strategy. Finally, intraoperative pulmonary diffusion function was not assessed because of the lack of data on forced expiratory volume in the first second and forced vital capacity.



5. Conclusions

VCV+PEEPind+RM is the optimal ventilation strategy for patients with obesity in increasing intraoperation PaO2/FiO2 and lung compliance, and among the five ventilation strategies for postoperative atelectasis, VCV+highPEEP+RM had the greatest potential to reduce atelectasis caused by inflammation.
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Objectives

Sepsis-associated encephalopathy (SAE) patients in the intensive care unit (ICU) and perioperative period are administrated supplemental oxygen. However, the correlation between oxygenation status with SAE and the target for oxygen therapy remains unclear. This study aimed to examine the relationship between oxygen therapy and SAE patients.



Methods

Patients diagnosed with sepsis 3.0 in the intensive care unit (ICU) were enrolled. The data were collected from the Medical Information Mart for Intensive Care IV (MIMIC IV) database and the eICU Collaborative Research Database (eICU-CRD) database. The generalized additive models were adopted to estimate the oxygen therapy targets in SAE patients. The results were confirmed by multivariate Logistic, propensity score analysis, inversion probability-weighting, doubly robust model, and multivariate COX analyses. Survival was analyzed by the Kaplan-Meier method.



Results

A total of 10055 patients from eICU-CRD and 1685 from MIMIC IV were included. The incidence of SAE patients was 58.43%. The range of PaO2 (97-339) mmHg, PaO2/FiO2 (189-619), and SPO2≥93% may reduce the incidence of SAE, which were verified by multivariable Logistic regression, propensity score analysis, inversion probability-weighting, and doubly robust model estimation in MIMIC IV database and eICU database. The range of PaO2/FiO2 (189-619) and SPO2≥93% may reduce the hospital mortality of SAE were verified by multivariable COX regression.



Conclusions

SAE patients in ICU, including perioperative period, require conservative oxygen therapy. We should maintain SPO2≥93%, PaO2 (97-339) mmHg and PaO2/FiO2 (189-619) in SAE patients.
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Introduction

Sepsis-associated encephalopathy (SAE) refers to cognitive dysfunction that can be attributed to systemic inflammatory responses in the absence of direct infection of the central nervous system (1). The incidence of SAE is over 70% of patients admitted to the intensive care unit (ICU) (2). SAE correlates with higher mortality (50.3%), longer hospital stays, and poorer long-term outcomes (3).

Patients admitted to the ICU and perioperative period are administered supplemental oxygen as low partial pressure of arterial oxygen (PaO2) is detrimental. However, a high PaO2 correlates with increased mortality, as confirmed in previous studies (4, 5). In a medical-surgical population of adult critically ill patients, arterial oxygen saturation (SPO2) supplementation titrated to 94%-98% correlates with favorable outcomes (6). The frequent oxygen exposure above the protocol goal (PaO2 >80 mmHg and FiO2 >0.5) correlates with worse clinical outcomes in patients who develop acute respiratory distress syndrome (7). PaO2 between (77-220) mmHg and the PaO2/FiO2 ratio in the range of 314-788 also correlates with favorable neurologic outcomes (8). Lower or higher oxygenation targets correlate with worse patient outcomes in ICU and perioperative period.

Potentially adjusted factors contributing to SAE include acute renal failure, hyperglycemia >10 mmol/l, hypercapnia >45 mmHg, and hypernatremia >145 mmol/l (3). The relationships between lower or higher oxygen therapy targets and the incidence and survival in SAE patients remain unclear. This study aimed to assess the correlation of SpO2, PaO2, and PaO2/FiO2 with SAE in ICU and perioperative period, and elucidate the optimal oxygen therapy targets in SAE patients.



Materials and methods


Study settings

We collected information on patients admitted to the ICU between 2008-2019 from the MIMIC-IV 0.4 and between 2014-2015 from the eICU-CRD v2.0 (NO. 33690380) database. MIMIC IV comprises 69619 and eICU-CRD of 200859 ICU admissions. The eICU database is a multi-center dataset. These were approved by the institutional review boards of the Massachusetts Institute of Technology and Beth Israel Deaconess Medical Center (9). The requirement for individual patient consent was waived because the project does not impact clinical care and all patient confidential information was anonymized. MIMIC-IV and eICU included the demographics, laboratory measurements, microbiology cultures diagnoses, and other patient data. The MIMIC IV database (version 1.0) is publicly available on https://physionet.org/content/mimiciv/1.0/ and the eICU is publicly available on https://eICU-crd.mit.edu/about/eICU/. The raw data were extracted by employing structure query language (SQL) with Navicat and further processed using the R software.



Patients

Sepsis was diagnosed with an acute change in the total sequential organ failure assessment (SOFA) score ≥2 and documented or suspected infection complied with the sepsis-3.0 criteria (10). The patients with infection sites or prescriptions of antibiotics and samples of bodily fluids for microbiological culture had suspected infection. In line with the existing literature, the microbiological sample must have been collected within 24 h when the antibiotic was first administered, and at the first occurrence of microbiological sampling, the antibiotic administration would be within 72 h (11). The SOFA score was defined in the first 24 h of the admission of the patient to the ICU.

SAE in this study was defined as the Glasgow Coma Scale (GCS) <15 or diagnosed delirium (3, 12, 13). Consciousness disorder with clear causes was excluded. GCS has been established as a clinically effective tool to characterize SAE and distinguish it from sepsis (3, 14). Specifically for the sedated or postoperative patients, GCS that was evaluated before sedation or surgery was extracted.

Inclusion criteria were as follows: 1) patients aged over 18 years; 2) ICU stays with more than 24 h of oxygen therapy, and 3) patients complying with the diagnostic criteria as in sepsis 3.0.

Following were the exclusion criteria (3, 12): 1) patients with brain injury (e.g., traumatic brain injury, meningitis, encephalitis intracerebral hemorrhage, cerebral embolism, ischemic stroke, epilepsy, brain tumor or intracranial infection, and any other cerebrovascular disease); 2) mental disorders and neurological disease; 3) chronic alcohol or drug abuse; 4) metabolic encephalopathy, hepatic encephalopathy, hypertensive encephalopathy, hypoglycemic coma, and other liver disease or kidney disease that affected consciousness; 5) severe electrolyte imbalances or glycemic disturbances, including hyponatremia (<120 mmol/l), hyperglycemia (>180 mg/dl), or hypoglycemia (<54 mg/dl); 6) those without GCS assessment; 7) missing values of SpO2, FiO2, PaO2 or no signs of administration of supplemental oxygen. Hyponatremia, hyperglycemia, and hypoglycemia can cause metabolic encephalopathy. Patients with any of the above-mentioned conditions were excluded.



Data collection

Patient information (e.g., age, gender, length of hospital stay, and hospital mortality), laboratory indicators, co-existing illnesses, sites of infection, microbiology types, and advanced cardiac life support (e.g., mechanical ventilation and vasopressors) were extracted as the demographic data using SQL. The laboratory indicators of the patients were collected within the first 24 h of their ICU stay, including pulse oxygen saturation (SPO2), partial pressure of carbon dioxide (PaCO2), partial pressure of oxygen (PaO2), and a fraction of inspired oxygen (FiO2). The coexisting illnesses were determined following the recorded International Classification of Diseases (ICD)-9 and ICD-10 codes (e.g., hypertension, diabetes, pulmonary disease, and kidney disease). Disease severity scores included the SOFA score and GCS. Only the data of the first ICU admission of the corresponding patients have been included.



Statistical analysis

The data were analyzed using the R software. Data distributions were analyzed by the Shapiro-Wilk test. Herein, all the data exhibited skewed distributions. Continuous data (age, PaCO2, FiO2, PaO2, SPO2, length of hospital stay, SOFA, and GCS) were expressed as median and interquartile ranges (IQR). Other categorical data were expressed in counts and proportions. Continuous variables were examined using the non-parametric Mann-Whitney U-test. Furthermore, categorical variables were compared using the Fisher exact test.

PaO2 and PaO2/FiO2 show a nonlinear correlation with the incidence in SAE patients. The generalized additive models (15) were adopted to estimate the association between median PaO2, PaO2/FiO2, and SAE, and the rage of PaO2, PaO2/FiO2 target was determined for reducing the incidence and hospital mortality among SAE patients.

The range of PaO2, SPO2, PaO2/FiO2 targets for incidence and hospital mortality of SAE patients as determined using multivariate Logistic, COX regression models, propensity score analysis, inversion probability-weighting, and doubly robust model for further validation of the oxygen values. An independent association between blood oxygen index levels and patients’ SAE was inferred through the doubly robust estimation method. Multivariate Logistic regression and Extreme Gradient Boosting (XGBoost) were used to create propensity score models for the 7 covariables (Figure 3) in sepsis patients with SAE. A cohort of inverse probability of treatment weighting (IPTW) was generated from the estimated propensity scores. Afterward, we performed a Logistic Regression on the weighted cohort to adjust for remaining unbalanced variables in the propensity score model between SAE groups and non-SAE groups, resulting in a double robust analysis. To determine whether IPTW reduced the imbalance of covariate distribution, the standardized mean difference (SMD) of the original cohort was compared with the SMD of the IPTW cohort. The Kaplan-Meier curves were analyzed using Log-rank tests.




Results


Baseline characteristics

A total of 51395 patients met the sepsis 3.0 criteria in the MIMIC IV database and the eICU database; among them, 39655 patients were excluded from the analysis due to intracerebral hemorrhage, encephalitis, brain tumor, brain injury, mental disorders, drug abuse, alcoholism, Alzheimer’s disease, metabolic encephalopathy, hepatic encephalopathy, the absence of FiO2 over 21%, missing records of the oxygen index, or no records of GCS scores; three patients were younger than 18 years and other conditions. A total of 11740 patients were included in the final analysis (Figure 1).




Figure 1 | Flow chart for patient selection. ICU, intensive care unit; PaCO2, partial pressure of carbon dioxide; FiO2, the fraction of inspired oxygen.



Table 1 summarized the characteristics and outcomes of sepsis in the MIMIC IV database. Relative to the non-SAE group in the original cohort, patients in the SAE group were more likely to suffer from Klebsiella, Escherichia coli, or fungus infection. The SAE group showed higher respiratory rates, FiO2, and lower PaO2, SPO2, and PaO2/FiO2, relative to the non-SAE group. Patients in the SAE group exhibited higher SOFA and hospital mortality with a longer length of hospital stay.


Table 1 | Baseline characteristics and outcomes of sepsis patients.





Generalized additive models to estimate the optimal oxygen therapy targets for incidence of SAE

Figure 2 illustrated the correlation between the incidence of SAE and the median SPO2, PaO2, and PaO2/FiO2 determined using the generalized additive models in MIMIC IV database. The generalized additive models demonstrated a nonlinear correlation between PaO2 and PaO2/FiO2 with SAE incidence. SPO2<93%, PaO2<97 mmHg and >339 mmHg, and PaO2/FiO2<189 and >619 were associated with increased incidence of SAE, as shown in Table 2.




Figure 2 | Generalized additive model plots for the median of SPO2, PaO2, and PaO2/FiO2 indicating the probability of sepsis-associated encephalopathy incidence.




Table 2 | Multiple models analysis of blood oxygen index to incidence in sepsis with encephalopathy.





Multivariate logistic analysis for risk factors of SAE incidence

According to the results of the generalized additive model, as shown in Figure 2, PaO2 (97-339) mmHg, PaO2/FiO2 (189-619), and SPO2≥93% may reduce the incidence of SAE. After adjusting for confounders, PaO2 (97-339) mmHg [odds ratio (OR): 0.566, 95% confidence interval (CI): 0.471-0.681, p<0.001], PaO2/FiO2 (189-619) [OR:0.513, 95% CI: 0.452-0.582, p<0.001], and SPO2≥93% [OR:0.324, 95% CI: 0.272-0.387, p<0.001] were identified as protective factors against SAE conduct internal assessment in the MIMIC IV database (Supplementary Material 1). Besides, using the eICU database for external evaluation (Supplementary Material 2), after adjusting for confounders, PaO2 (97-339) mmHg [OR: 0.703, 95% CI: 0.547-0.903, p=0.006], PaO2/FiO2 (189-619) [OR:0.750, 95% CI: 0.555-0.982, p=0.048], and SPO2≥93% [OR:0.779, 95% CI: 0.631-0.961, p=0.020] were identified as protective factors (Supplementary Materials 1, 2
).



Propensity match analysis

To further confirm the reliability of the results, the data in the MIMIC IV database is used for internal verification and the data in the eICU database is used for external verification by propensity score analysis, inversion probability-weighting, and doubly robust model. A propensity matching scoring model was constructed using 7 covariates with statistically significant differences in Table 1 of the original cohort in the MIMIC IV database (Figure 3). For standardizing the differences between the SAE group and the non-SAE group, the estimated propensity scores were used. Covariates were well balanced between classes after IPTW (<0.1) (Figure 3). After matching the difference covariates, PaO2, SPO2, and PaO2/FiO2 were significantly different between the SAE group and the non-SAE group (Table 1). To evaluate the relationship between the PaO2, SPO2, and PaO2/FiO2 levels (estimated as per generalized additive model) and SAE incidence, we used propensity-matching score, proportion score IPTW and a doubly robust model with two databases to statistical analysis. The estimation models led to the same conclusion in the MIMIC IV and eICU database that SPO2≥93%, PaO2/FiO2 (189-619), and PaO2(97-339) mmHg were protective factors for patients with SAE (Table 2).




Figure 3 | A SMD of the original cohort was compared with the SMD of the IPTW cohorts. SMD, standardized mean difference.





Prognostic analyses of patients with SAE

To further examine the effect of SAE on the prognoses of patients with sepsis, their survival was analyzed by the Kaplan-Meier method. Patients in the non-SAE group showed better survival rates than the SAE group (p<0.001) (Figure 4).




Figure 4 | Kaplan-Meier hospital survival curves for SAE patients. SAE, sepsis-associated encephalopathy.





Demographic and clinical characteristics of SAE

Table 1 and Figure 4 illustrated that SAE patients had poor prognoses. To further examine the effect of oxygen therapy on the prognoses of patients with SAE, we divided the SAE patients into the survival and non-survival groups in the MIMIC IV and eICU database. The results as listed in Supplementary Material 3 showed that non-surviving patients had higher PaO2 and PaO2/FiO2.



Multivariate COX analysis for risk factors of hospital mortality in SAE

According to the results of the generalized additive model, as shown in Figure 2, after adjusting for confounders, SPO2≥93% and PaO2/FiO2(189-619) were independent protective factors for SAE prognoses in the MIMIC IV and eICU database (Table 3; Supplementary Materials 4, 5).


Table 3 | Multiple COX regression model analysis of blood oxygen index to hospital mortality in sepsis with encephalopathy.






Discussion

As demonstrated from the primary outcome of this cohort study, oxygen therapy may be correlated with SAE incidence. The PaO2 range of 97 to 339 mmHg, the PaO2/FiO2 ratio between 189 and 619, and SPO2≥93% may be correlated with reducing SAE incidence. The PaO2 range of 97 to 339 mmHg and the PaO2/FiO2 ratio between 189 and 619 may be correlated with reduce SAE hospital mortality. Conservative oxygen therapy should be performed for SAE patients.

As reported in existing studies, the SAE incidence can reach up to 70% (2), in line with the results of this study (58.43%), which suggested a high SAE incidence. The results of the cohort study showed that hospital mortality was 13.6% in SAE patients, the hospital mortality of SAE group was significantly higher than that of non-SAE group, and that SAE patient with a higher SOFA score and longer hospital stay. These results with consistent with the findings of a previous study (3). It has been reported that 45% of SAE patients show long-term cognitive dysfunction after hospital discharge (16). Taken together, SAE shows a high incidence and poor prognosis. However, specific treatment for SAE is rare, and early identification of potentially modifiable factors with the optimal chance of avoiding incidence, long-term cognitive dysfunction, and reducing mortality are needed. In this large cohort study, the PaO2 range of 97 to 339 mmHg and the PaO2/FiO2 ratio between 189 and 619 were associated with reduced incidence and hospitalization mortality of SAE. Thus, lower or higher oxygenation could induce SAE.

Hyperoxemia is correlated with neurological injury in patients with traumatic brain injury and aneurysmal subarachnoid hemorrhage (17, 18). Hyperoxemia leads to the production of reactive oxygen species, thereby destroying cells and further promoting inflammatory responses (18). Moreover, active oxygen can cause an increase in the production of free radicals of oxygen, whereby excess free radicals can stimulate the hypersensitive arterial system, resulting in vasospasm (19). Inflammatory responses, oxygen-free radicals, and vasospasm are vital mechanisms underlying SAE (20, 21). Nguyen Mai et al. propose a conceptual model of lung-brain coupling, the use of supplemental oxygen can induce cardiac arrest, neuronal injury, neuroinflammation, and memory deficits (22). The results of this study demonstrated that PaO2 >339 mmHg and PaO2/FiO2>619 may be increase the incidence of encephalopathy in patients with sepsis. Hyperoxemia has been proven to be correlated with SAE. The neurological injury in sepsis patients attributed to hyperoxia may be due to the above-mentioned reasons. A subsequent study is thus required to evaluate the underlying pathophysiological mechanism in the future (23).

Neurological injury attributed to hypoxemia has been extensively confirmed (24, 25). Kim I Chisholm et al. report that sepsis leads to increased sensitivity of cortical mitochondria to hypoxemia, and such increased sensitivity is mirrored by a decrease in cortical tissue oxygen tension in mice (26). Transcription-dependent mechanisms triggered by hypoxia and reticulum stress could activate AMP-activated protein kinase, thereby stimulating the inflammatory activities. AMP protein is vital and is stimulated by immune factors in the brain, and consequently, the MAP signaling pathway is inhibited, decreased meta apoptosis and autophagy (22, 27). Hypoxia increases the levels of lactate/pyruvate, decreases the glutathione/oxidized glutathione ratio, upregulates inflammatory cytokine cascades, activates the apoptosis pathway, all leading to the damage of the cerebral cortex and neurons (23, 28). The results of this study further demonstrated that PaO2 <97mmHg, PaO2/FiO2<189, and SPO2<93% may cause changes in consciousness among sepsis patients. To mitigate the neurological injury by hypoxia or hyperoxia and incidence of SAE, PaO2 with 97-339 mmHg, PaO2/FiO2 in the range of 189-619, and SPO2≥93% should be taken in SAE patients.

Low oxygen saturations are considered detrimental. A liberal oxygen strategy is correlated with mortality, especially in ICU patients, as oxygen is extensively used in the ICU, and patients are commonly exposed to high oxygenation (29). The correlation between exposure to hyperoxia and mortality has been reported in ICU in previous studies (30, 31). Specifically for critically ill patients or those on ventilator-assisted breathing, to reduce mortality, the assessment of optimal oxygen saturation is particularly important. Willem van den Boom et al. report that the optimal range of SPO2 is 94%–98% which is correlated with decreased hospital mortality among critically ill patients (32). The proportion of time of oxygen saturation of 95%–99% correlates with reduced mortality in critically ill patients on mechanical ventilation, as reported by Dawei Zhou et al. (33). According to Derek K Chu et al., in acutely ill adults, liberal oxygen therapy increases mortality, and oxygen saturation of 94%-96% adversely affects the patients (34). In this study, the SPO2<93% was significantly associated with hospital mortality among SAE patients. The range of PaO2 (97-339) mmHg and PaO2/FiO2 (189-619) are associated with lower hospital mortality in SAE patients. The findings support that SAE patients should be administrated with conservative oxygen therapy for reducing the incidence and hospital mortality.



Limitation

First, the definition of SAE is compliance with GCS<15 score, and patients diagnosed with delirium according to ICD9 and ICD10. Though brain hemorrhage, brain trauma, and other diseases were excluded, the absence of brain computed tomography scans, magnetic resonance imaging, electroencephalogram, and other examinations to assess the nervous system, the result information bias maybe in the SAE cohort. Second, this was an observational study, and the causal correlation between oxygen therapy and the incidence and mortality of SAE could not be proved. However, the correlation between oxygen therapy and SAE was demonstrated in this large cohort study by multiple databases and Multiple statistical methods. The findings provide certain clinical reference values. Finally, due to the interrelationship between diseases, some confounding factors remained, thereby covering up or exaggerating the relationship between study factors and SAE.



Conclusions

In conclusion, high or low PaO2, PaO2/FiO2 and SPO2 were correlated with the incidence of SAE. The range of PaO2 (97-339) mmHg, PaO2/FiO2 (189-619) and SPO2 ≥93% were identified in SAE patients in ICU and perioperative period. A reference target was provided which is expected to aid clinicians in preventing the occurrence and reducing the incidence and hospital mortality of SAE. PaO2 (97-339) mmHg, PaO2/FiO2 (189-619) and SPO2 ≥93% as reference targets for subsequent experiments.
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Objective

Sepsis Associated Encephalopathy (SAE) is a common complication in critically ill patients and perioperative period, but its pathogenesis is still unclear. This study aimed to explore the effect of the HIF-1α (hypoxia-inducible factor-1α)/BNIP3L (Bcl-2/adenovirus E1B 19-kDa interaction protein) signaling pathway on SAE.



Methods

C57BL/6J male mice were divided into four groups, using a random number table method: control group, sham group, sepsis group, sepsis+HIF-1α activity inhibitor (echinomycin) group. Sepsis was induced by cecal ligation and puncture (CLP). At 24 h after surgery, brain tissue was sampled. HE was staining to observe changes in the hippocampus structure. Fluoroscopy observes changes in mitochondrial structure. Western blot, QT-PCR, and immunofluorescence were used to assess the amount of expression of HIF-1α and BNIP3L in the hippocampus and mitochondrion of hippocampus neurons. Observation of neuronal apoptosis by TUNEL staining. Seven days after surgery, mice were tested in a Morris water maze test to assess cognitive function after CLP.



Results

Our results show that CLP-induced hippocampus-dependent cognitive deficits were accompanied with increased HIF 1a and decreased BNIP3L, increased protein levels of TNF-α, IL-6, and IL-β, and damage to mitochondrial structures and neuronal apoptosis in the hippocampus. In addition, administration of echinomycin rescues cognitive deficits, ameliorates HIF-1α and BNIP3L-mediated neuronal pyroptosis and damaged mitochondrial structures, and decreases the expression of TNF-α and IL-6 in the hippocampus.



Conclusions

HIF-1α and the BNIP3L promote mitochondrial damage, and neuronal apoptosis and the expression of inflammatory factors may be the mechanism of SAE in critically ill patients and perioperative period





Keywords: sepsis associated encephalopathy, HIF-1α, BNIP3L, sepsis, mechanism



Introduction

Sepsis-associated encephalopathy (SAE) is an acute diffuse dysfunction of the brain caused by infection (1). Clinical studies had found that in about 70% of sepsis patients with cognitive dysfunction after sepsis progresses to encephalopathy in in critically ill patients and perioperative period (2), the patient’s hospital stay is prolonged, the cost of hospitalization increases, and the mortality rate is about 60% (3). The pathogenesis of SAE includes an inflammatory response, astrocytes and microglia activation, mitochondrial dysfunction, and the impaired blood-brain barrier (4–6). SAE has a high incidence and poor prognosis, but its pathogenesis remains unclear. Clinicians have no effective treatment regimen. Therefore, it is important to explore the pathogenesis of SAE, prevent the occurrence of SAE, reduce the incidence of SAE, and improve the prognosis of patients with sepsis.

TheHIF-1α/BNIP3L pathway regulates cell survival, apoptosis, autophagy, and other processes important signaling pathways. Wu C et al. found that inhibition ofHIF-1α/BNIP3L expression improves early brain injury after experimental subarachnoid hemorrhage in rats (7). Barteczek P et al. found that neuronal HIF-1α and HIF-2α deficiency improves neuronal survival and sensorimotor function in the early acute phase after ischemic stroke (8). Yan Jun et al. found that repeated administration of ketamine can induce hippocampus neurodegeneration and long-term cognitive impairment via the ROS/HIF-1α pathway in developing rats (9). The study by Lu N et al. confirmed that increased BNIP3L expression could improve autophagy and apoptosis (10). The above studies show that HIF-1α and BNIP3L play an important role in many brain diseases and cognitive dysfunction. Therefore, we speculate that HIF1-a and BNIP3L may play an important role in cognitive dysfunction caused by SAE.

This study hypothesizes thatHIF-1α/BNIP3L promotes SAE cognitive dysfunction and intervenes in their expression, which can improve SAE mice’s cognitive function. To prove this hypothesis, we will explore it from the SAE mice’s behavior and the cellular level.



Materials and methods


Animals

The experimental procedures and the animal use and care protocols were approved by the Committee on Ethical Use of Animals of Tianjin Medical University General Hospital. All experimental procedures in this study were performed according to the Guidelines for the Care and Use of Laboratory Animals from the National Institutes of Health, USA. Two hundred and thirty-two C57BL/6 male mice aged 6 to 8 weeks were purchased from the Animal Center of Laboratory Animal Center of the Military Medical Science Academy (Beijing, China) and randomized to 4 groups: control group (n=52), sham group (n=54), sepsis group (n=64) and sepsis+HIF-1α activity inhibitor (echinomycin) group (n=64). The control group did not receive surgery. Mice in the sham group received laparotomy but were without the classical cecal ligation and puncture (CLP). Mice in the sepsis group had CLP. Experiments began after mice had acclimated to the environment for two weeks. Mice were housed in groups of four individuals per cage with a 12:12 h light: dark cycle at a temperature of 20–22°C with food and water available adlibitum.



Sepsis model

The classical CLP model was applied in this experiment (11). The mice were anesthetized using 2% sodium pentobarbital (50 mg/kg). Under aseptic conditions, the cecum was isolated, and a single puncture with a 21 G needle through the cecum was made between the ligation site and the tip of the cecum. A small number of feces was extruded from the puncture point. The bowel was returned to the abdomen, and the incision was closed with a sterile 6-0 silk suture. For mice that received surgeries, 50 ml/kg of normal saline was injected subcutaneously. Mice subjected to the sham operation had the cecum exposed the same way as for CLP, but it was neither ligated nor punctured.



Drug administrations

Echinomycin (cat. no. ab 144247; Abcam, Cambridge, MA, USA), an effective and small molecule inhibitor of cell permeability hypoxia inducible factor-1 (HIF-1) DNA binding activity, was used in the experiment with 50μg/kg intraperitoneal injection 2 h after surgery (12).



Experimental procedures

The mice were divided into four groups: the control group, the sham group, the CLP group, and the (sepsis + echinomycin) group, (sepsis + echinomycin) group. The (sepsis+ echinomycin) group was injected intraperitoneally at 2 h after LCP, the mice were sacrificed, and hippocampus were obtained from the different groups at 24 h after CLP. The different groups of mice were given the Morris water maze (MWM) test from the 7th day to the 10th day after the sham or CLP operation (Figure 1).




Figure 1 | Experimental procedures.Two hours after the operation, the mice in the inhibitor group were injected with echinomycin. The hippocampus tissue of mice were extracted 24 hours after the operation for subsequent analysis. Surviving mice were subjected to behavioral experiments on the 7th day after the operation.





HE staining

The hippocampus of mice was transversely cut at a 2 mm thickness, immediately fixed in 4% paraformaldehyde, and embedded in paraffin. Sections of 3 μm in thickness were affixed to slides, deparaffinized, and stained with H&E to evaluate morphological changes in the hippocampus.



Western blotting analysis

Each group of six mice was used for western blotting of the hippocampus, and each group of three mice was used for western blotting of the mitochondrial. The hippocampus and the mitochondrial protein of hippocampus were extracted, the expression level ofHIF-1α, BNIP3L protein of hippocampus and mitochondrial were detected by western blot method (n=9 for each group), specimens were homogenized in precooled radioimmunoprecipitation assay buffer, add high-efficiency RIPA lysate, homogenize, centrifuge at 4 °C, take the supernatant. Proteins were transferred from gel to PVDF membrane and blocked with 5% nonfat milk powder for 1H at room temperature. Add HIF-1α (dilution ratio average 1:1000, cat. no. ab 179483; Abcam, Cambridge, MA, USA) and BNIP3L primary antibody (dilution ratio average 1:1000, cat. no. ab ab 155010; Abcam, Cambridge, MA, USA), shaker at 4°C overnight on the membrane. Washed three times with TBST buffer, added HRP labeled secondary antibody (dilution ratio: 1:5000), incubated at room temperature for 1 h, developed and analyzed by Image J v1.8.0 software.



Quantitative PCR

Each group of six mice was used for Quantitative PCR. Total RNA from the cells was extracted by using a Trizol reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer manual. Complementary DNA (cDNA) was synthesized by using oligo (dT) primer and PrimeScript™ RT Reagent Kit (Takara, Shiga, Japan). Quantitative PCR (qPCR) was performed to amplify the cDNA using the SYBR Premix Ex Tag Kit (Takara, Shiga, Japan) and an ABI 7500 Sequencing Detection System (Applied Biosystems, Foster City, CA, USA). The gene primers were as follows: BNIP3L, forward 5’- ATGAACAGCAGCAATGGCAATG - 3’, reverse 5’-TGGATGGAAGACGAGGAAGGAA-3’;HIF-1α, forward 5’- GCCTTAACCTGTCTGCCACTT - 3’, reverse 5’- TTCGCTTCCTCTGAGCATTCTG - 3’.B-action internal parameter: forward 5’- GTACTCTGTGTGGATCGGTGG -3’, reverse 5’- GCAGCTCAGTAACAGTCCG -3’.The relative gene expressions were calculated in accordance with the ΔΔCt method. Relative mRNA levels were expressed by the values of 2−ΔΔCt as described previously (13).



Immunofluorescence staining

Mice (6/group) were anesthetized and sacrificed following at 24 h after surgery. The whole brain tissues were extracted immediately and cut sagittally into hemispheres. Right hemispheres were fixed in ice-cold 4% PFA overnight at 4 °C and were then equilibrated in 30% sucrose. Next, 25-μm sagittal slices in the hippocampus were obtained by a freezing microtome. Sections were washed in cold PBS three times, blocked with 5% goat serum for 1 h, and incubated with HIF-1α antibody and BNIP3L antibody overnight at 4 °C.



TUNEL assay for cell apoptosis

The hippocampus neurons cells were fixed with paraformaldehyde for 30 minutes and treated with a permeabilizing solution (0.1% Triton X-100) at 4°C for 2 min and incubated in a TUNEL reaction mixture for 60 min at 37°C in the dark. The hippocampus neuron cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI).



Transmission electron microscopy

Twenty-four hours after CLP (5/group), the mitochondrial morphology was observed by transmission electron microscopy. hippocampus were cut into 1-mm cubes, fixed with 2.5% glutaraldehyde, and stored at 4°C for 24 h. The cubes were embedded in Spurr’s resin, cut into 0.12-μm-thick sections, and stained with 0.2% lead citrate and 1% uranyl acetate. The images were examined with a transmission electron microscope (JEM-1200X, Shimadzu, Japan) (14).



Enzyme-linked immunosorbant assay

The hippocampus samples were collected for TNF-α, IL-6, and IL-β detection at 24 h. The concentrations of TNF-α, IL-6, IL-10, and IL β were detected by ELISA kits according to the manufacturer’s instructions. A standard curve was constructed using various dilutions of TNF-α, IL-6, IL-10, and IL-β standard preparation. The levels of the cytokines were calculated according to standard curves.



Morris water maze

Behavioral tests were conducted on surviving mice 1 week after surgery. Eight mice were taken from the control group and sham group(10 mice in the sepsis group, 2 died at the 7th day), ten mice were taken from the sepsis group(20 mice in the sepsis group, 10 died at the 7th day), fifteen mice were taken from (sepsis + echinomycin) group(20 mice in sepsis group, 5 died at the 7th day), which was used to detect escape latency, target quadrant time and crossing times of mice. MWM was composed of a high 40 cm and a diameter 125cm and a black circular pool, which was divided into four views quadrants. Place a circular platform with a diameter of 10 cm in the center of the third quadrant, For four consecutive days, mice were placed in the pool facing the pool wall, and each mouse entered from four quadrants. Experiment 4 times a day on each mouse with an interval of 20 min and 4 consecutive days intermittent to find the platform. Failed to find the platform of mice in the 60 s, which were guided and allowed to stay on the platform for 20 s. The time the mice spent searching for the platform was recorded as latency. At the 5 th, in the absence of a platform, the mice were placed into the pool wall from the contralateral quadrant (2nd quadrant) of the target quadrant at a fixed time period (9:00 am-12:00 am), and the number of mice crossing the original platform area and the time of staying in the target quadrant are recorded within 60 s.



Statistical analysis

All statistical comparisons were performed with GraphPad Prism 8.0 Software. Data are presented as the mean ± standard deviation. Repeated measurement and one-way ANOVA were used, and Tukey Kramer, a multiple comparison test, was used for comparison between groups. Kaplan-Meier survival curves for four groups of mice. p < 0.05 was considered statistically significant.




Result


Echinomycin improved survival rate of CLP mice

Mice mortality increased for 7 days after CLP, and survival rate increased with the administration of intraperitoneal echinomycin (75%), compared to the CLP group (50%) (Figure 2).




Figure 2 | Kaplan-Meier survival curves for four groups of mice. Echinomycin improved survival rate in the first 7 days after CLP.





CLP induces cognitive deficits

In the Morris water maze, compared with the control group or sham surgery group, escape latency time increased, and dwell target quadrant time and the number of crossings over the original platform area decreased in the sepsis group. Compared with the sepsis group, escape latency time decreased, and dwell target quadrant time and the number of crossings over the original platform area increased in the (sepsis + echinomycin) group. sepsis induces cognitive deficits, and mice with cognitive deficits improve after administering the HIF-1α inhibitor echinomycin (Figure 3).




Figure 3 | Echinomycin reversed CLP-induced learning and memory impairments. (A):escape latency time. (B):dwell target quadrant time. (C):the number of crossings over the original platform area.*: p < 0.05, **: p < 0.01, ns:p > 0.05.





CLP induces hippocampus edema

Mice in the sepsis group had significant edema of cells, decrease in pyramidal cells, and even lysis in the CA1, CA3, and dentate gyrus (DG) of the hippocampus region 24 h after CLP. The cells in the sham group and control group were morphologically normal and well-layered. Given the echinomycin group, hippocampus edema was reduced, and pyramidal cells were increased compared to the sepsis group (Figure 4).




Figure 4 | CLP increased CA1,CA3 and DG neuronal damages in the hippocampus of SAE mice. Compared with other three groups, mice in the sepsis group had significant edema of cells, decrease in pyramidal cells, and even lysis in the CA1, CA3, and dentate gyrus (DG) of the hippocampus region 24 h after CLP.





CLP up-regulated the HIF-1α and down-regulated BNIP3L protein and m RNA expression in the hippocampus tissue of mice

Compared with the control group and the sham group, the HIF-1α protein (Figure 5A) and mRNA (Figure 5C) expression of hippocampus was up-regulated, and BNIP3L protein (Figure 5B) and mRNA expression(Figure 5D) was down-regulated in the sepsis group (p < 0.05); after administration of echinomycin to sepsis mice, the HIF-1α protein(Figure 5A) and mRNA (Figure 5C) was lower than the sepsis group (p < 0.05) and the BNIP3L protein (Figure 5B) and mRNA (Figure 5D) was higher than the sepsis group(p > 0.05).




Figure 5 | The HIF-1a and BNIP3L protein and m RNA expression in hippocampus tissue. (A): HIF-1α protein expression in hippocampus; (B): BNIP3L protein expression in hippocampus; (C): HIF-1α mRNA expression in hippocampus; (D): BNIP3L mRNA expression in hippocampusCompared with other three groups, sepsis up-regulated the HIF-1a and down-regulated BNIP3L protein and m RNA expression in the hippocampus tissue of mice.*:p < 0.05, **:p < 0.01, ***:p < 0.001,****:p < 0.0001, ns:p > 0.05.





Immunofluorescence detection the HIF-1α and BNIP3L expression of CA1, CA3 and DG areas of hippocampus

Immunoassays the expression of HIF1a (Figure 6) and BNIP3L (Figure 7) in hippocampus CA1, CA3 and DG area. Compared with the control group and the sham group, the number of expressions of HIF-1α increased, and BNIP3L decreased significantly in the sepsis group. Compared with the sepsis group, the number of expressions of HIF 1a decreased, and BNIP3L expression increased after the administration of HIF-1α inhibitors. Compared with the other three groups, the fluorescence density of HIF-1α was significantly enhanced in sepsis group and the fluorescence density of BNIP3 L was significantly reduced in sepsis group(p < 0.0001).




Figure 6 | Immunofluorescence detection the HIF-1α expression of hippocampus tissue CA1, CA3 and DG area (A). The average nuclear HIF-1α fluorescence density of hippocampus in three fields of view per slice was analyzed in each group by the ImageJ software (B–D). Compared with other three groups, sepsis up-regulated the HIF-1a expression in the hippocampus of mice.**:p < 0.01, ***:p < 0.001,****:p < 0.0001, ns:p > 0.05.






Figure 7 | Immunofluorescence detection the BNIP3L expression of hippocampus tissue CA1, CA3 and DG area (A).The average nuclear BNIP3Lfluorescence density of hippocampus in three fields of view per slice was analyzed in each group by the ImageJ software (B–D). Compared with other three groups, sepsis down-regulated BNIP3L expression in the hippocampus of mice.****:p < 0.0001, ns:p > 0.05.





HIF-1α and BNIP3L pathway may induce SAE by promoting apoptosis of hippocampus neurons

TUNEL staining was used to observe the effect of sepsis on the apoptosis of hippocampus neurons CA1, CA3, and DG area. As shown in the control group and sham group, no hippocampus neurons suffered apoptosis. In the sepsis group, the number of apoptotic hippocampus neurons increased. After echinomycin treatment, the apoptotic neurons of sepsis mice were significantly reduced (Figure 8).




Figure 8 | HIF-1α and BNIP3L pathway may induce SAE by promoting apoptosis of hippocampus neurons. Sepsis induce apoptosis of hippocampus neurons, after administration of HIF-1α inhibitor, apoptosis of hippocampus neurons was reduced.





HIF-1α and BNIP3L may induce SAE by promoting mitochondrial damage

In the sham and control groups, the mitochondrial ridges were intact and showed no obvious swelling, whereas the mitochondria in the sepsis group underwent obvious swelling, mitochondrial morphological changes, and mitochondrial vacuolization. After the administration of an echinomycin inhibitor, the swelling of mitochondria was significantly reduced (Figure 9).




Figure 9 | HIF-1α and BNIP3L pathway induced neuronal mitochondrial damage. Compared with other three groups, the mitochondria in the sepsis group underwent obvious swelling, mitochondrial morphological changes, and mitochondrial vacuolization.





The mitochondrial expression of HIF-1α and BNIP3L in sepsis mice

Compared with the control group and the sham group, the HIF-1α protein expression was up-regulated, and the BNIP3L protein expression was down-regulated of mitochondria of the hippocampus in the sepsis group (p < 0.05); after administration of echinomycin to sepsis mice, the expression of HIF-1α was down-regulated(p < 0.05) and the expression of BNIP3L protein expression was increased(p > 0.05) (Figure 10).




Figure 10 | The HIF-1α and BNIP3L protein expression in mitochondrion of hippocampus neuron cell. (A): HIF-1α protein expression in mitochondrion; (B): BNIP3L protein expression in mitochondrion. Compared with other three groups, sepsis up-regulated the HIF-1a and down-regulated BNIP3L protein expression in mitochondrion of hippocampus neuron cell.*: p < 0.05, **: p < 0.01, ***:p < 0.001, ns:p > 0.05.





HIF-1α and BNIP3L may induce SAE by promoting inflammation in hippocampus

Compared with the control group and the sham group, the IL-6, IL-β, INF-α protein expression of the hippocampus in the sepsis group was up-regulated (p < 0.05); After administration of the inhibitor echinomycin, the protein expression of IL-6 and TNF-α were decreased (Figure 11).




Figure 11 | The HIF-1α and BNIP3L pathway induced immune response. (A): TNF-α protein expression in hippocampus; (B): IL-6 protein expression in hippocampus; (C): IL-β protein expression in hippocampus; Sepsis induce the IL-6, IL-β, TNF-α protein expression of hippocampus, TNF-αand IL-6 expression were significantly reduced after administration of HIF-1α inhibitor.*: p < 0.05, ****:p < 0.0001, ns:p > 0.05.






Discussion

Many clinical studies confirm that SAE has a high incidence and poor prognosis (2, 3), there are many types of research on the pathogenesis of SAE, but it is still unclear. In this study, it was found that CLP caused hippocampus edema, neuronal apoptosis, mitochondrial damage, and cognitive dysfunction in mice, and after CLP, HIF-1a, IL-6, IL-β, INF-α were highly expressed, and BNIP3L was low expressed in the hippocampus of mice. After administration of the HIF-1α inhibitor, the level of HIF-1a protein and gene expression, IL-6, INF-α were reduced, and the level of BNIP3L protein and gene expression was increased, and the apoptosis damage of hippocampus neurons and mitochondrial damage were alleviated, and cognitive function of sepsis mice and survival rate improved. We speculate that HIF-1α and BNIP3L pathways promote hippocampus neuronal apoptosis, mitochondrial damage, and inflammatory response, which may be the potential mechanism of SAE.

Previous studies have found that HIF 1a and BNIP3L signal pathways play an important role in the pathogenesis of brain diseases such as cerebral ischemia/reperfusion, cerebral hemorrhage, memory ischemia, glioma and Alzheimer’s disease.The expression levels of HIF-1α and BNIP3L are increased. Intervention of the expression levels of HIF-1α and BNIP3L can protect brain injury (15–17). In this study, we found abnormal expression of HIF 1a, BNIP3L protein, and gene in the hippocampus and mitochondrion of sepsis. The hippocampus structures and mitochondrial structures were obviously damaged. After the HIF 1a inhibitor was used to inhibit the expression of HIF 1a and increase the expression of BNIP3L, the damage to hippocampus structures and mitochondrial structure was significantly reduced, and the cognitive function of sepsis mice were significantly improved. The above research shows that the HIF 1a, BNIP3L pathway may also be the potential mechanism of SAE.

Snyder B et al. found that the expression of HIF-1a in the hippocampus of aged mice significantly increased after hypoxia, which promoted hippocampus injury and induced memory dysfunction (18). The research of Qiang Zhang et al. found that astragalus extract decreased the expression of HIF-1a at both the mRNA and protein levels in the hippocampus and reduced the apoptosis of hippocampus neurons (19). Xin Rui Zhao et al. found in the study of the uterosacral ligament that the surface of HIF-1α increased, BNIP3L increased, apoptosis increased, cell viability decreased, and the expression of apoptosis-related proteins increased (20). The above studies suggest that HIF-1α is an important molecule that causes central nervous system injury and apoptosis. In this study, we found that the expression of HIF-1α in the hippocampus of sepsis mice increased, the hippocampus structure was damaged, hippocampus neurons were apoptosis, and the mice developed cognitive dysfunction. After the inhibition ofHIF-1α, the results of the damaged hippocampus, neuronal apoptosis, and cognitive function of mice were significantly improved. Our research results are consistent with previous studies. Besides, in this study, we explored the relationship between the HIF 1a pathway and inflammatory factors TNF a, IL-6, and IL-β. We found that after the administration of HIF 1a, inflammatory factors TNF a and IL-6 decreased compared with the sepsis group. We speculate that HIF-1α promotes hippocampus injury, neuronal apoptosis, mitochondrial damage, and inflammatory reaction may be the mechanism of SAE.

Mitochondrial autophagy is a double-edged sword. In some cases, dysfunctional mitochondrial autophagy can lead to nervous system injury, including excessive mitochondrial autophagy and autophagy defects (21–23). BNIP3L plays an important role in mitochondrial autophagy and in maintaining the normal morphology and function of mitochondria (24, 25). Fu ZJ et al. found that HIF -1α in renal tubular cells BNIP3L mediated mitochondrial autophagy induces mitochondrial damage and damages the kidney (26). Yan Zhang et al. found that myocardial injury increased the expression level ofHIF-1α, activated the downstream BNIP3L and subsequently triggered mitochondria-dependent autophagy (27). Zhang H et al. and the above research confirmed that HIF 1a and BNIP3L play an important role in mitochondrial autophagy (28). Yang Yuan et al. found that Bnip3l knockout (bnip3l) impaired mitophagy and cultivated cerebra I-R injury in mice, which can be recovered by BNIP3L expression (24). Ria ling Ma et al. found that BNIP3L expression decreased after traumatic brain injury and colocalized with neuronal cells in cortical areas. Upregulation of BNIP3Lexpression and autophagy was increased, while neuronal apoptosis and brain water content decreased along with neurological deficits (25). The above studies found that the expression of BNIP3L was reduced, and the mitochondrial autophagy was defective, promoting neuronal apoptosis, which plays an important role in central nervous system diseases. Our study results showed that the expression level of BNIP3L in the hippocampus and mitochondria of mice were reduced after sepsis. After administration of the HIF-1α inhibitor, the expression of BNIP3L was up-regulated, and neuron apoptosis and mitochondrial damage were significantly improved. Therefore, the decrease in BNIP3L expression level may play an important role in SAE.

Previous studies found that HIF-1α can activate the expression of BNIP3L in other diseases (8, 29). However, in this study, we found that HIF-1α did not activate BNIP3L expression. After the HIF-1α inhibitor was given, the expression of BNIP3L increased. There may be other potential mechanisms regulating BNIP3L expression in sepsis, which may be attributed to ubiquitination. The increase of HIF-1α expression in a hypoxia environment will promote the increase of polyubiquitination activity. The increase of ubiquitination may lead to the degradation of BNIP3L. When the HIF-1α inhibitor is given, the ubiquitination activity will decrease, leading to the reduction of BNIP3L ubiquitination degradation (22, 30).

Several limitations must be clarified in this study. In this study, we only explored the relationship between HIF 1a and BNIP3L pathways and sepsis mice in the acute phase, but the long-term relationship with sepsis mice is still unclear. The mechanism of HIF 1a and BNIP3L pathway leading to apoptosis of hippocampus neurons and mitochondrial damage is still unclear. We only observed morphological changes and need further experimental research to explore.In this study, only HIF-1α inhibitors were given, but the expression level of BNIP3L was not directly interfered, which may lead to deviation in the results of this study.



Conclusion

This study is to explore the relationship between HIF-1α, BNIP3L pathway, and SAE mice. The relationship between HIF-1α, BNIP3L pathway and mice behavior, the morphology of hippocampus, hippocampus neurons, mitochondria, and inflammatory response. We speculate that HIF-1α, BNIP3L pathway mediates apoptosis of hippocampus neurons, mitochondrial damage, and inflammatory response may be the mechanism of SAE. The intervention of HIF-1α, BNIP3L pathway expression may be could improve the cognitive dysfunction of SAE mice.
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Background: Emergence agitation (EA) is common in patients after general anesthesia (GA) and is associated with poor outcomes. Patients with thoracic surgery have a higher incidence of EA compared with other surgery. This study aimed to investigate the impact of pre-anesthetic butorphanol infusion on the incidence of EA in patients undergoing thoracic surgery with GA.

Materials and methods: This prospective randomized controlled trial (RCT) was conducted in 20 tertiary hospitals in China. A total of 668 patients undergoing elective video-assisted thoracoscopic lobectomy/segmentectomy for lung cancer were assessed for eligibility, and 620 patients were enrolled. In total, 296 patients who received butorphanol and 306 control patients were included in the intention-to-treat analysis. Patients in the intervention group received butorphanol 0.02 mg/kg 15 min before induction of anesthesia. Patients in the control group received volume-matched normal saline in the same schedule. The primary outcome was the incidence of EA after 5 min of extubation, and EA was evaluated using the Riker Sedation-Agitation Scale (RSAS). The incidence of EA was determined by the chi-square test, with a significance of P < 0.05.

Results: In total, 296 patients who received butorphanol and 306 control patients were included in the intention-to-treat analysis. The incidence of EA 5 min after extubation was lower with butorphanol treatment: 9.8% (29 of 296) vs. 24.5% (75 of 306) in the control group (P = 0.0001). Patients who received butorphanol had a lower incidence of drug-related complications (including injecting propofol pain and coughing with sufentanil): 112 of 296 vs. 199 of 306 in the control group (P = 0.001) and 3 of 296 vs. 35 of 306 in the control group (P = 0.0001).

Conclusion: The pre-anesthetic administration of butorphanol reduced the incidence of EA after thoracic surgery under GA.

Clinical trial registration: [http://www.chictr.org.cn/showproj.aspx?proj=42684], identifier [ChiCTR1900025705].
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butorphanol, emergence agitation, general anesthesia, thoracic surgery, single injection


1 Introduction

General anesthesia (GA) is the most widely used anesthesia method in various types of surgery, and it has been recognized that emergence agitation (EA) is a common, serious complication after GA (1–3). EA is an inappropriate behavior during the awakening period of anesthesia, manifested by coexisting excitement, disorientation, and some inappropriate behaviors (4, 5). In addition, EA can also increase the patient’s medical expenses and related unintended medical consequences such as falling out of bed, extravasation of intravenous fluids, and dehiscence (6). Strong associations are found between EA and the post-operative presence of drainage tubes. Patients undergoing thoracic surgery with greater surgical trauma and post-operative indwelling of the chest drainage tube present a higher incidence of EA compared with other surgeries (7). It is of great significance to prevent the occurrence of EA in patients undergoing thoracic surgery.

Earlier opioids were used to reduce the incidence of EA (8, 9), but those drugs might conduct the incidence of delayed recovery, vomiting, nausea, respiratory depression, and chest wall muscle rigidity. Butorphanol is a novel opioid receptor agonist, which possesses a high affinity for κ-receptor and partial activation of δ-receptor (10), and associated complications can be attenuated compared with conventional opioid agonists. Pharmacological research demonstrated that the administration of butorphanol had the effect of analgesia and relaxation (11), which might reduce the incidence of EA. Reports of pre-anesthetic application of butorphanol to treat EA have not been seen. Our hypothesis was that pre-anesthetic butorphanol singe injection would decrease EA during anesthesia recovery. We conducted this study on patients undergoing thoracic surgery because these patients had a higher incidence of EA and were at high risk of adverse outcomes when EA occurred (12).



2 Materials and methods

We conducted this pragmatic, randomized, allocation concealed, open-label, parallel group, multicenter trial at 20 hospitals in eastern China. The trial protocol and statistical analysis plan were designed by the trial investigators and are available online. The trial was sponsored by the Qilu Hospital of Shandong University; it was approved by the research ethics committee of Qilu Hospital of Shandong University and by the institutional review board at each participating center and registered with the Chinese Clinical Trial Registry (ChiCTR1900025705). Written consent was obtained from the patients, their next of kin, or a legal representative.


2.1 Patients and randomization

This study was performed between October 2019 and September 2021. A total of 668 patients undergoing elective video-assisted thoracoscopic lobectomy/segmentectomy for lung cancer were assessed for eligibility, and 620 patients were enrolled. The exclusion criteria were age >70 or <18 years, American Society of Anesthesiologists (ASA) physical status > III, body mass index > 30 kg/m2, and cardiac ejection fraction < 40%. Previous history of any psychological diseases, epilepsy, or Parkinson’s disease; visual, hearing, language, or other barriers that impeded communication and assessment of EA; history of traumatic brain injury or neurosurgery; severe hepatic dysfunction (Child–Pugh grade C); or renal failure (requirement for renal replacement therapy) were also excluded.

Patients were allocated randomly to the butorphanol group and the control group according to a computer-generated random number table, with a fixed block size of two according to a 1:1 ratio, and the allocation was sealed in an opaque envelope. The primary investigator or coinvestigator prospectively collected the laboratory results, radiology reports, and data on the clinical course. The surgeon, patients, attending anesthesiologists, data recorder, and analyzer were blinded to the group assignments. Butorphanol (0.02 mg/kg) was diluted by saline to 10 ml and injected slowly for 1 min.



2.2 Intraoperative management

Patients were monitored using an electrocardiogram, pulse oximetry, and non-invasive blood pressure (one measurement every 3 min) while entering the operation room. Butorphanol or saline was given intravenously 15 min before GA induction, and 5 min later, the Ramsay score was tested. A numerical rating scale (NRS: 0 = no pain, 10 = worst pain imaginable) was tested during the radial artery catheter placement. GA was conducted with sufentanil 0.4 μg⋅kg–1, propofol 1.5–2.0 mg⋅kg–1, and cis-atracurium 0.01–0.02 mg⋅kg–1; in this period, pain on injection of propofol and choking cough response with sufentanil were observed. One lung ventilation was performed with a bronchial blocker or double-lumen tube. Anesthesia was maintained with inhaled sevoflurane 1.5% in oxygen and remifentanil at 0.1–0.2 μg⋅kg–1⋅min–1. After GA, placing the patient in the proper position, a single anesthesiologist with significant ultrasound-guided regional anesthesia experience performed a paravertebral block. Thoracoscopic surgery was performed via a two-port technique. A 3 cm operation port and a 1.5 cm observation port were, respectively, made in the fifth intercostal space at the anterior axillary line and in the seventh or eighth intercostal space at the posterior axillary line. Two chest tubes were inserted into the two incisions for air leakage and drainage after surgery. Patients were extubated at the end of surgery when were fully awake and breathed adequately. EA was evaluated by Riker Sedation-Agitation Scale (RSAS) at 5 min after extubation. Then, they were transferred to the post-anesthesia care unit (PACU) for a 1 h observation period and sent back to the ward.



2.3 Post-operative analgesia protocol and rescue analgesic

After arrival at PACU 15 min later, patients were requested to evaluate pain at rest using NRS. If the NRS score was >5 at rest, sufentanil (5 μg) was administered intravenously as rescue analgesia. Then, all patients were connected to the PCA device. The PCA device consisted of 2 μg⋅kg–1 sufentanil to 100 ml and was programmed as follows: 0.5 ml⋅h–1 background rate, 3 ml bolus doses, and 5 min-lockout interval. In the ward, patients used PCA when the NRS score at rest was >5 or on their demand.



2.4 Outcome measurements

The primary outcome was the incidence of EA after 5 min of extubation. A score >4 at the time point was regarded as EA. The secondary outcomes were assessed: (1) Ramsay score at 5 min after using butorphanol, (2) NRS scores at radial artery catheter placed, (3) intravenously injecting propofol pain while anesthesia induction, (4) coughing with sufentanil injection, and (5) NRS scores at 5 min after extubation and 15 min after arrival PACU. Other outcomes were anesthetic consumption, rescue analgesia requirement, block-related complications, and post-operative adverse effects, such as pruritus, urinary retention, nausea, and vomiting.



2.5 Sample size

This study was controlled by placebo and tested for efficacy between the two groups. The incidence of EA was 6 ± 2% in the butorphanol group and 20 ± 3% in the control group. With the power set at 80% and a two-sided significance level at 0.05, 434 patients were required to detect a difference. Considering a loss to follow-up rate of approximately 20%, 544 patients were to be enrolled in the study.



2.6 Statistical analysis

Statistical analyses were performed using the SPSS statistical package, version 18.0 (SPSS Inc., Chicago, IL, USA). The measurement data were analyzed by analysis of variance and expressed as mean ± standard deviation, and the enumeration data were expressed as the number of cases. Continuous data with a normal distribution were compared using an independent-samples t-test, and continuous data with a non-normal distribution were compared using an independent-samples Mann–Whitney U-test. The incidence of EA was determined by the chi-square test, with a significance of P < 0.05.




3 Results

From October 2019 to September 2021, 668 patients were screened for eligibility. Of those, 620 were enrolled and randomized (Figure 1). During the study, two patients were lost to follow-up and eight patients were converted to thoracotomy in each group. The baseline demographics and perioperative variables were similar in the two groups (Tables 1, 2). There was no significant difference in intraoperative anesthetic consumption.
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FIGURE 1
CONSORT diagram for the study.



TABLE 1    Baseline data.
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TABLE 2    Intraoperative data.
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Post-operative EA 5 min after extubation occurred in 29 of the 296 patients who received butorphanol and in 75 of the 306 patients in the control group (P = 0.0001) (Figure 2 and Table 3).


[image: image]

FIGURE 2
Distribution of the Riker Sedation-Agitation Scale (RSAS) at 5 min after extubation. 1, minimal or no response to noxious stimuli; 2, arousal to physical stimuli but non-communicative; 3, difficult to arouse but awakens to verbal stimuli or gentle shaking; 4, calm and follows commands; 5, anxious or physically agitated but calms to verbal instructions; 6, requires restraint and frequent verbal reminding of limits; and 7, attempting to remove tracheal tube, or catheters, or striking at staff.



TABLE 3    Effectiveness outcomes.
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As indicated in Table 3, patients who received butorphanol had a lower incidence of drug-related complications (including injecting propofol pain and coughing with sufentanil): 112 of 296 vs. 199 of 306 in the control group (P = 0.001) and 3 of 296 vs. 35 of 306 in the control group (P = 0.0001). The NRS scores at the radial artery, placed 5 min after extubation and 15 min after arrival at PACU, were statistically significantly lower for the butorphanol group compared to the control group. The Ramsay scores after using butorphanol were different between the two groups (P = 0.0001). The rescue analgesia requirement in two groups showed that 14 of the 296 patients received butorphanol, and 23 of the 306 patients in the control group (P = 0.042).



4 Discussion

This study found that, in patients undergoing thoracoscopic lobectomy/segmentectomy surgery, pre-anesthetic butorphanol reduced the rate of post-operative EA. Butorphanol was associated with a lower rate of Ramsay score at 5 min after using butorphanol. Coughing with sufentanil injection and intravenously injecting propofol pain were also lower than in the control group.

In China, butorphanol, a common analgesic drug, is widely used for sedation and analgesia. It can be injected in a single dose before or during surgery, or be placed in an analgesic pump for post-operative analgesia. The strengths of the present study include the larger sample size than previous studies, multicenter study, and pre-anesthetic butorphanol single injection (13, 14). The larger sample size and multicenter study could increase the generalizability of the results. The mechanisms of the EA-sparing effect produced by pre-anesthetic butorphanol are still unclear, but it may be associated with the multiple effects of butorphanol such as calming effect, analgesic effect, and ease the tension before surgery (15–17). Butorphanol may attenuate the stress response provoked by surgery increasing the secretion of cortisol and hyper inflammation in the body (18), both of which are associated with an increased risk of EA.

For some drugs, lack of pre-operative loading dose is less effective in preventing post-operative EA in a few previous studies (19, 20). In line with previous reports, in our study, a single injection of butorphanol as a loading dose before anesthesia induction could release the pain of invasive manipulation, relieve the stress response and, finally, decrease the incidence of EA. These effects may be associated with reducing the side reactions of anesthetics during the induction phase such as infusion pain of propofol and cough reaction of sufentanil (21), and these may be related to activation of the μ-opioid receptor, as well as the competitive antagonist activity and partial agonist activity at the κ-opioid receptor, attenuate the side effects of propofol and sufentanil. With regard to safety, butorphanol (0.02 mg/kg) did not increase the incidence of side effects as opioid agonists, such as nausea, vomiting, delayed recovery, respiratory depression, and chest wall muscle rigidity before anesthesia and after surgery.

The control group had significantly more sufentanil consumption and higher VAS score than those in the butorphanol group 15 min after arrival at PACU. However, some doctors believed that they did not observe such a pronounced effect, the difference in sufentanil consumption might seem relatively small. Two major reasons may account for the results. First, it was probable that the good manipulation abilities and skills of surgeons caused less pain than expected. Second, anesthesiologists with different ultrasound-guided regional anesthesia experiences might perform different nerve block effects.

This study has several limitations. First, the primary outcome was EA, and the incidence of delirium for a long period after surgery should be observed. Second, as a multicenter study, anesthesia was administered by more than 40 different anesthesiologists, and this may include a diverse range of surgery and anesthesia qualities. Finally, because of the nature of the intervention, after using butorphanol, 34% of patients showed sedation before surgery, and blinding of treatment was not possible. However, the scoring of clinical outcomes was made by blinded assessors.



5 Conclusion

In conclusion, in patients undergoing thoracoscopic lobectomy/segmentectomy for lung cancer under GA, the pre-anesthetic administration of butorphanol reduces the incidence of EA after extubation. On the contrary, further studies are needed to determine the effect of the pre-anesthetic administration of butorphanol on long-term outcomes.
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Background: Acute respiratory distress syndrome (ARDS) is a serious organ failure and postoperative complication. However, the incidence rate, early prediction and prevention of postoperative ARDS in patients undergoing hepatectomy remain unidentified.

Methods: A total of 1,032 patients undergoing hepatectomy between 2019 and 2020, at the Eastern Hepatobiliary Surgery Hospital were included. Patients in 2019 and 2020 were used as the development and validation cohorts, respectively. The incidence rate of ARDS was assessed. A logistic regression model and a least absolute shrinkage and selection operator (LASSO) regression model were used for constructing ARDS prediction models.

Results: The incidence of ARDS was 8.8% (43/490) in the development cohort and 5.7% (31/542) in the validation cohort. Operation time, postoperative aspartate aminotransferase (AST), and postoperative hemoglobin (Hb) were all critical predictors identified by the logistic regression model, with an area under the curve (AUC) of 0.804 in the development cohort and 0.752 in the validation cohort. Additionally, nine predictors were identified by the LASSO regression model, with an AUC of 0.848 in the development cohort and 0.786 in the validation cohort.

Conclusion: We reported the incidence of ARDS in patients undergoing hepatectomy and developed two simple and practical prediction models for early predicting postoperative ARDS in patients undergoing hepatectomy. These tools may improve clinicians’ ability to early estimate the risk of postoperative ARDS and timely prevent its emergence.
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Introduction

The acute respiratory distress syndrome (ARDS) was first described in 1967, and specific diagnostic criteria were established in 1992 by an American-European consensus meeting (1, 2). ARDS is a common and serious complication that affects patients worldwide and often leads to a poor prognosis or even death (3). A prospective analysis of the ARDS incidence in the United States from 1999 to 2000 (4) estimated an annual incidence of 190,000 cases of ARDS in the United States, with a surprising hospital mortality rate of 38.5%. Another multicenter prospective study called LUNG-SAFE evaluated intensive care units (ICU) incidence and outcome of ARDS in 29,144 patients from 50 different counties (5). According to the findings, the prevalence of ARDS in ICU patients reached 10%, while it was identified in 23% of all patients receiving ventilation. In addition, the LUNG-SAFE study reported that the hospital mortality rate was 34.9% for patients with mild ARDS and 46.1% for those with severe ARDS. Furthermore, the global burden of ARDS is the highest in high-and upper-middle-income countries, with data indicating that the mean total hospitalization costs in Korea reached 12,336 United States dollars (USD) (6, 7). Therefore, the high morbidity and mortality of ARDS significantly reduce patients’ prognosis and place a heavy burden on global health.

There are many risk factors that contribute to ARDS development, such as pneumonia, non-pulmonary sepsis, major trauma, including surgical and accidental trauma, aspirations of gastric contents, and others (8, 9). In addition, other factors such as alcohol consumption, smoking, and hypoalbuminemia have all been linked to an increased risk of ARDS (10–12). Although great strides have been made in learning and treating ARDS over the last 50 years, effective preventive measures for postoperative ARDS still require further investigation (13, 14). Previous studies using administrative or perioperative data have established certain scoring models for predicting the risk of postoperative pneumonia, acute lung injury (ALI), or ARDS in patients (15–17). However, the majority of these studies built models based on either the general population or multiple types of surgery, and many of the predictors included in the models were inapplicable to patients undergoing specific type of surgery (16, 18, 19).

According to the most recent data, liver cancer is one of the most common cancers and the third leading cause of death among all cancers (20). Hepatectomy is a major surgical procedure that is commonly used for treating liver tumors (21). Despite improvements in hepatectomy safety over decades, the frequency of postoperative complications remains significant, ranging from 4.09 to 47.7% (22). Furthermore, data about the incidence of postoperative ARDS in patients undergoing hepatectomy is scarce. In addition, no predictors or prediction models for evaluating the possibility of developing ARDS in patients following hepatectomy were identified. Therefore, effective grades, predictive factors, or prediction models for early identifying the risk of developing ARDS in patients undergoing hepatectomy are extremely valuable.

Accordingly, by conducting a retrospective study in 1,032 patients undergoing hepatectomy between 2019 and 2020, we assessed potential predictors and constructed two prediction models to early predict the development of ARDS based on perioperative factors.



Materials and methods


Study design

This was a retrospective, single-center cohort study conducted at the Eastern Hepatobiliary Surgery Hospital, Shanghai, China. The study was approved by the Ethics Committee of the Eastern Hepatobiliary Surgery Hospital (no. EHBHKY2021-K-011) and adhered to Helsinki Declaration and the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) criteria. Patients who signed the informed consent form and authorized permission for future research use of their medical records were included.



Participants

Patients were included between 1 January 2019, and 31 December 2020, based on the following criteria: (1) over the age of 18, (2) American Society of Anesthesiologists (ASA) Status I–III, (3) Child-Pugh class A or B, and (4) elective hepatectomy for liver cancer treatment, including hepatocellular carcinoma (HCC) and intrahepatic bile duct cancer. Patients who denied permission to utilize their health information for research purposes, as well as those with severe organ failure prior to surgery or a history of ALI or ARDS, were excluded from this study. It should be noted that liver failure was defined according to guidelines (23), heart failure as having a left ventricular ejection fraction less than 35%, respiratory failure as having an arterial oxygen partial pressure less than 60 mmHg, and renal failure as having a serum creatinine level greater than 442 μmol/L.



Variables and outcomes

The preoperative clinical characteristics of the patients were recorded. In addition, intraoperative and postoperative factors such as tumor-related data, surgical data, fluid transfusion, and postoperative complications were collected. Tumor size is expressed as the maximum tumor diameter or the sum of maximum diameters when the tumor number exceeds one. Furthermore, laboratory results of liver function, renal function, inflammatory, and other biomarkers were collected preoperatively and postoperatively within 24 h after surgery. All data were collected from the digital medical system or paper medical records by two trained researchers, checked, and entered into Excel or the EpiData system.

The outcome of this study was the development of ARDS within the first 7 days after hepatectomy. ARDS was evaluated and diagnosed by experienced ICU physicians according to the Berlin Definition (14). The diagnosis of ARDS could be listed as follow: (1) Within 1 week of a known clinical insult or new or worsening respiratory symptoms; (2) bilateral opacities of chest imaging which could not fully explained by effusions, lobar/lung collapse, or nodules; (3) respiratory failure which could not fully explained by cardiac failure or fluid overload based on the examination of electrocardiogram or echocardiogram; (4) hypoxemia which identified by the arterial blood gas analysis. (5) Comprehensive analysis based on the clinical symptom, the biochemical detection of blood and results of bacterial culture. Furthermore, ARDS prediction models were constructed using the aforementioned factors and tested in two cohorts.



Establishment and validation of prediction models

Patients with HCC or intrahepatic bile duct cancer who underwent hepatectomy in 2019 or 2020 were included in the development and validation cohorts, respectively. For prediction model construction, a logistic regression model and a least absolute shrinkage and selection operator (LASSO) model were used. Potential predictors with p-values of less than 0.05 in the multivariable logistic regression were selected for model construction. The effectiveness of the prediction model was validated in the validation cohort. Following that, a LASSO model was used to screen the most significant factors that contributed to the development of ARDS in patients. The risk score was calculated using the same method as described above, and the model was also validated in the validation cohort.

Due to the lack of an external data set for model validation, a 10-fold cross-validation method was used in both models. Furthermore, the nomogram was developed to offer a reliable and quantifiable method for immediately confirming the ARDS probability in two prediction models.



Statistical analysis

The statistical analyses were performed and graphics were designed using the R software, version 4.0.01 and the SPSS statistics software, version 23.0 (IBM SPSS Inc., Armonk, NY, USA). Categorical variables were presented as numbers and percentages, while continuous variables were expressed as mean and standard deviation or median (25% interquartile range, 75% interquartile range) based on their normality. Continuous variables were compared using the Student’s t-test or Mann-Whitney U test. Categorical variables were compared using the Chi-squared χ2 test. The receiver operator characteristic (ROC) curve was plotted and the area under the curve (AUC) was calculated to assess the model discrimination. Furthermore, calibration curves with C-index were made in two cohorts to test the prediction model stability. The optimal risk score cutoff point was determined by Youden’s index. The multiple imputation method was used to fill in the missing data for characteristics included in the prediction models, and all missing proportions were less than 10%. All statistical tests were two-sided, with p-values less than 0.05 considered statistically significant.




Results


Cohort characterization

According to the inclusion criteria, 490 patients were included in the development cohort and 542 in the validation cohort (Table 1). The incidence rate of ARDS was 8.8% (43/490) in the development cohort and 5.7% (31/542) in the validation cohort. The overall incidence rate of ARDS in patients undergoing hepatectomy was 7.2% (74/1,032). Several characteristics, such as weight, viral hepatitis, portal vein tumor thrombus, operation time, and others, were significantly different between the two groups. The incidence rate of postoperative complications was higher in the development cohort (32.0%) than in the validation cohort (25.8%). In particular, the incidence rate of pulmonary or abdominal infections was higher in the development cohort (10.8%) than in the validation cohort (3.9%).


TABLE 1    Clinical characteristics of patients in the development cohort and validation cohort.
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In addition, the laboratory results of 14 critical liver, renal, inflammatory, and coagulation-related biomarkers were collected preoperatively and postoperatively for model construction (Table 2). The levels of several biomarkers, such as lactate dehydrogenase (LDH), serum albumin (ALB), C-reactive protein, and others, were significantly different between the two cohorts.


TABLE 2    Laboratory detections of patients in the development cohort and validation cohort.
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Model construction and validation based on logistic regression

First, a logistic regression model was used to construct the prediction model. It included 18 covariates with p-values of less than 0.05 in the univariable logistic analysis (Supplementary Table 1). Three critical predictors; operation time, postoperative aspartate aminotransferase (AST), and postoperative hemoglobin (Hb); were identified and integrated into the prediction model (Supplementary Table 2). The risk score was calculated using the following formula:

[image: image]

The AUC was calculated using the ROC curve, and it was 0.804 (95% confidence interval (CI): 0.741–0.868) in the development cohort and 0.752 (95% CI: 0.660–0.844) in the validation cohort (Figure 1A). Furthermore, model validation using the 10-fold cross-validation method revealed similar discrimination with a mean C-index of 0.792 in the development cohort. Then, using raw data, a model was constructed, and a similar AUC was found in the two cohorts, with mean AUC values of 0.805 and 0.773 in the development and validation cohorts, respectively. Based on the logistic prediction model, a visual nomogram was developed to establish a reliable and quantitative method for assessing the probability of ARDS (Figure 1B).


[image: image]

FIGURE 1
Model construction and validation based on logistic regression. (A) The ROC analysis of the prediction model in the development and validation cohorts. (B) The nomogram of prediction model based on the logistic regression in the development cohort.




Model construction and validation based on LASSO regression

A LASSO model was then used to construct another prediction model. Finally, 14 predictors were acquired, and nine predictors with coefficients greater than 0.001 were used in the final prediction model (Figure 2A). The risk score was calculated using the following formula:
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FIGURE 2
Model construction and validation based on LASSO regression. (A) The construction of prediction model based on the LASSO regression. (B) The ROC analysis of the prediction model in the development and validation cohorts. (C) The nomogram of the prediction model based on the LASSO regression in the development cohort.


The AUC value reached 0.848 (95% CI: 0.795–0.901) in the development cohort and 0.786 (95% CI: 0.702–0.871) in the validation cohort (Figure 2B), exceeding the logistic prediction model’s discriminating power. In addition, model validation using the 10-fold cross-validation method showed similar discrimination, with a mean C-index of 0.808 in the development cohort. Furthermore, a visual nomogram was developed to help visualize the prediction model and directly calculate the probability of ARDS (Figure 2C).

Furthermore, the calibration curves showed good fitting effects between predicted and observed outcomes for the logistic prediction model (Figure 3A) and the LASSO prediction model (Figure 3B) in two cohorts.
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FIGURE 3
Calibration curves for testing the stability of prediction models in the development and validation cohorts. (A) Calibration curves for the logistic model. (B) Calibration curves for the LASSO model.




Discriminative effects of prediction models for ARDS by grading risk scores

To better evaluate the discrimination of our prediction models and simplify models for clinical application, risk scores were calculated based on formulas and graded to three degrees: low-risk, medium-risk, and high risk. According to Table 3, patients’ risk scores were distributed consistently in the development and validation cohorts, regardless of whether the logistic or the LASSO model was used, suggesting good robustness of our models. We were able to effectively classify patients into different risk groups by dividing the risk score into three degrees. Based on our cohorts, the incidence of ARDS was approximately 2% in the low-risk group, while it significantly increased in the medium-risk and high-risk groups in both cohorts (Table 3).


TABLE 3    Incidences of ARDS classified by risk scores in the development cohort and validation cohort.
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In the development cohort using the optimal cutoff, the logistic model exhibited a sensitivity of 88.4% and a specificity of 64.2% (Supplementary Table 3), while the LASSO model had a sensitivity of 83.7% and a specificity of 78.1% (Supplementary Table 3), suggesting good predictive effects of our prediction models for ARDS.



Subgroup analysis of two prediction models in the development cohort

To verify the sensitivity of two models for predicting ARDS, subgroup analysis was performed in the development cohort. Table 4 shows that both prediction models had sustained predictive effects for ARDS in different subgroups. The AUC value reached 0.887 in the LASSO model in patients less than 60 years old. Furthermore, in the subgroup of patients with no hypertension, both logistic and LASSO models had superior predictive effects, with AUC of 0.858 and 0.892, respectively.


TABLE 4    Subgroup analysis of two prediction models for predicting ARDS in the development cohort.
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Discussion

Acute respiratory distress syndrome is one of the most devastating postoperative complications and significantly increased mortality. Early prediction and treatment of ARDS are critical for improving patients’ prognosis in clinical practice. To the best of our knowledge, our study was the first to report the incidence of ARDS in patients undergoing hepatectomy for liver cancer treatment, which was approximately 7.2%. In addition, we constructed two effective prediction models by integrating 48 perioperative covariates using logistic and LASSO regression. Both prediction models have good predictive effects, and the AUC exceeds 0.8 in the development cohort. Moreover, a number of major risk factors for postoperative ARDS have been identified. For instance, patients with a longer operation time, higher postoperative levels of AST, TBIL, and N %, and lower postoperative Hb and ALB levels are more likely to develop ARDS postoperatively. Furthermore, the risk of developing ARDS is effectively assessed by grading risk scores to three degrees. It enables clinicians to immediately identify patients at risk of ARDS.

Previously, a single-center retrospective study reported an acute lung injury (ALI) prediction model called the Lung Injury Prediction Score (LIPS) (24), and they developed a tool for evaluating the risk of ALI and ARDS in a population-based sample, which was validated in a multicenter study (16). Other studies, which focused on surgical lung injury, developed two scoring systems termed SLIP and SLIP-2 to predict the risk of early postoperative ALI and ARDS in patients undergoing elective surgery (17, 19). These studies supplied effective scoring systems for clinical practice.

Several predictors and prediction models for predicting the incidence of ARDS in patients with specific diseases or injuries have been reported (18, 25, 26). For instance, Majid et al. constructed a 3-variable model comprising total body surface area percent, inhalation injury, and von Willebrand factor-A2 to predict ARDS in patients with burn injuries, with an AUC of 0.90. In addition, Ning et al. developed a logistic model to predict the in-hospital incidence of ARDS in patients with acute pancreatitis (26). In addition, other studies reported the risk factors of ARDS in patients undergoing major surgery or extracorporeal membrane oxygenation (16, 18, 27–29). For instance, James et al. analyzed preoperative and intraoperative predictors of postoperative ARDS in a general surgical population (30). However, studies focusing on the incidence and early prediction models of ARDS in hepatobiliary surgery are scarce.

The logistic prediction model identified operation time, postoperative AST, and postoperative Hb as the most crucial predictors of ARDS. The operation duration reflects the complexity of the operation, and a longer operation duration usually means more trauma for the patients, as mentioned in another study on ARDS prediction (18). Furthermore, several studies found associations between liver function biomarkers (TBIL, AST, ALB, and international normalized ratio) and ARDS progression (31–33). Hypertension and portal hypertension also contributed to the development of ARDS based on the LASSO model (34, 35). It is possible to explain how portal hypertension can lead to ARDS as it is mainly caused by various forms of cirrhosis, which is closely associated with liver function and may aggravate ascites formation and hypoproteinemia. These predictors could be new biomarkers or targets for ARDS.

According to relevant studies, the incidence rate of ARDS following cardiac surgery ranges from 0.4 to 8.1% (17, 28, 36). Daryl et al. reported a 2.6% (113/4,366) incidence of ALI and ARDS in patients undergoing high-risk surgery, and 3.3% and 22% for patients undergoing spine surgery and high-risk vascular surgery, respectively (17, 19). In our study, the incidence of ARDS in patients undergoing hepatectomy was 7.2% (74/1,032), indicating a higher incidence rate of ARDS than in other types of surgery. Therefore, more attention should be paid to early prediction and prevention of ARDS development in patients undergoing hepatectomy.

In our study, two alternative prediction models were constructed, each with its own set of advantages. First, only three predictors were included in the logistic prediction model, making it easier and faster for clinicians to calculate risk scores and identify patients at risk for ARDS. Second, according to the AUC, the LASSO model with nine predictors outperforms the logistic model in predicting ARDS, with an AUC of 0.848 in the development cohort. However, predicting ARDS is more difficult for clinicians and requires more data from patients. Nevertheless, because only preoperative and postoperative (within 24 h after surgery) factors were included in the models, both models made it possible to early predict postoperative ARDS, saving time for pre-treatment of patients at high risk of ARDS.

There are some limitations to this study. First, due to the retrospective design of this study, there is unavoidably potential bias and confounding. Secondly, this is a single-center cohort, and prediction models are only validated using internal data. To compensate for this shortcoming, a 10-fold cross-validation method was employed to validate the robustness and accuracy of models simultaneously. Further studies are warranted to validate the results in more centers.



Conclusion

In conclusion, we reported the incidence of ARDS in hepatobiliary surgery and developed two simple and practical prediction models for predicting postoperative ARDS in patients undergoing hepatectomy. These tools may improve clinicians’ ability to early estimate the risk of postoperative ARDS and timely prevent its emergence.
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Background

Acute kidney injury is a common and severe complication of sepsis. Sepsis -induced acute kidney injury(S-AKI) is an independent risk factor for mortality among sepsis patients. However, the mechanisms of S-AKI are complex and poorly understand. Therefore, exploring the underlying mechanisms of S-AKI may lead to the development of therapeutic targets.



Method

A model of S-AKI was established in male C57BL/6 mice using cecal ligation and puncture (CLP). The data-independent acquisition (DIA)-mass spectrometry-based proteomics was used to explore the protein expression changes and analyze the key proteomics profile in control and CLP group. The methodology was also used to identify the key proteins and pathways. S-AKI in vitro was established by treating the HK-2 cells with lipopolysaccharide (LPS). Subsequently, the effect and mechanism of Cathepsin B (CTSB) in inducing apoptosis in HK-2 cells were observed and verified.



Results

The renal injury scores, serum creatinine, blood urea nitrogen, and kidney injury molecule 1 were higher in septic mice than in non-septic mice. The proteomic analysis identified a total of 449 differentially expressed proteins (DEPs). GO and KEGG analysis showed that DEPs were mostly enriched in lysosomal-related cell structures and pathways. CTSB and MAPK were identified as key proteins in S-AKI. Electron microscopy observed enlarged lysosomes, swelled and ruptured mitochondria, and cytoplasmic vacuolization in CLP group. TUNEL staining and CTSB activity test showed that the apoptosis and CTSB activity were higher in CLP group than in control group. In HK-2 cell injury model, the CTSB activity and mRNA expression were increased in LPS-treated cells. Acridine orange staining showed that LPS caused lysosomal membrane permeabilization (LMP). CA074 as an inhibitor of CTSB could effectively inhibit CTSB activity. CCK8 and Annexin V/PI staining results indicated that CA074 reversed LPS-induced apoptosis of HK-2 cells. The JC-1 and western blot results showed that LPS inhibited mitochondrial membrane potential and activated mitochondrial apoptosis pathway, which could be reversed by CA074.



Conclusions

LMP and CTSB contribute to pathogenesis of S-AKI. LPS treatment induced HK-2 cell injury by activating mitochondrial apoptosis pathway. Inhibition of CTSB might be a new therapeutic strategy to alleviate sepsis-induced acute kidney injury.





Keywords: lysosomal membrane permeabilization, CA074, mitochondrial apoptosis pathway, S-AKI, cathepsin B (CTSB)




1 Introduction

Sepsis is a life-threatening organ dysfunction resulting from a dysregulated inflammatory to infection (1, 2). If not recognized and treated early, it could develop into septic shock, multiple organ failure and death. Data from the cause-of-death surveillance system database involving 323.8 million people showed that sepsis-related deaths accounted for 12.6% of deaths (3). The kidney is highly perfused, making it more sensitive and vulnerable to sepsis. Acute kidney injury (AKI) is one of the most common and severe complications of sepsis, resulting in prolonged hospitalization and a poor prognosis (4).

Although sepsis is an important cause of AKI in critically ill patients, the pathophysiological mechanisms of S-AKI are still poorly understood,. However, the potential mechanisms may include altering renal blood flow, microcirculatory disturbances, over-activated immune-inflammatory responses and metabolic reprogramming (5–7). The most prominent pathological changes resulting AKI are the injury and death of tubular epithelial cells. Acute renal injury is characterized by apoptosis and necrosis in renal cells or tubule (8, 9). Cells affected by acute necroinflammation during sepsis are irreversibly lost and replaced by fibrous tissue and finally affecting renal function. Tubule apoptosis and necrosis in AKI result in significant nephron loss. The number of irreversibly damaged nephrons determines the functional capacity of the kidney. Hence, it is crucial to develop strategies to prevent renal cell death and reduce irreversible damage to the nephrons in the context of sepsis.

Lysosomes were first described in 1955 by Christian de Duve (10). Lysosomes are monolayer membrane-enclosed organelles containing about 60 hydrolases, including cathepsins, ceramidases, and patatins. The main function of lysosome is to degrade and recycle extracellular substances transported by pinocytosis and intracellular substances such as damaged organelles or misfolded proteins transported by autophagy. In addition, growing evidence suggests that lysosomes are also an important signaling hub that regulate multicellular processes, including energy metabolism, signal transmission, and cell death regulation (11). Lysosomes are involved in several cell death pathways (12, 13). The most common lysosome-induced cell death pathway is lysosome-dependent cell death (LDCD), characterized by lysosomal destabilization and requiring lysosomal membrane permeabilization (LMP). LDCD is mediated by cathepsins and other hydrolases released into the cytoplasm from damaged lysosomes. LMP and the release of cathepsins initiate apoptosis by inducing the cleavage of caspases protein family and Bcl-2 protein family (14, 15). Since the kidney is a lysosome-rich organ, LMP and cathepsins are observed in many renal diseases. Lysosomal dysfunction and cathepsins have been detected in renal tubular epithelial cells in different AKI animal models, such as nephrotoxic injury and ischemia-reperfusion injury (16, 17).

Cathepsin B (CTSB) is a cysteine proteolytic enzyme found in the lysosomes. Increased CTSB activity is considered an indicator of LMP. Studies have confirmed that CTSB is a risk factor for tumor cell migration, proliferation, and apoptosis and synchronously affects cancer angiogenesis and chemoresistance (18, 19). The CTSB levels have been found to influence aging-related renal subclinical alterations in healthy populations and are independently correlated with renal function in elderly women (20). Lysosomes and cathepsins have been widely proven to be involved in cell injury and death pathways, including LDCD, lysosomal-mitochondrial apoptosis, and autophagy-lysosomal pathways (21).

However, the specific role of LMP and CTSB in S-AKI is not known and needs to be explored. In this study, we established an S-AKI model in mice to explore the changes of protein expression in renal tissues and identify potential key molecules and mechanisms through proteomic analysis. In vitro experiments were conducted to investigate and verify the role of LMP and CTSB.



2 Materials and methods


2.1 Animals and S-AKI model

Male C57BL/6 mice were purchased from Guangdong yaokang biology technology company at 8-10 weeks old age, weighing 20-25 g. Animal Ethics Committee approved all animal procedures (SYSU-IACUC-2021-00559). The mice were randomly divided into the control group and CLP group. In the CLP group, the sepsis models were induced by cecal ligation and puncture (CLP) and the mice were sacrificed at 12 h after CLP surgery. The blood and kidney tissues were collected for subsequent experiments.



2.2 Histological assessment of kidney tissue

Hematoxylin and eosin (H&E) staining was conducted according to routine protocols. Slides were visualized using a microscopy. Kidney tubule injury was defined as loss of brush border, vacuolar degeneration, and cast formation (22). According to the percentage of injury area, the scores of renal pathological damages were completed by 2 independent pathologists in the department of pathology of our hospital.



2.3 Data independent acquisition (DIA) analysis and proteomics analysis

The proteomics experiments were carried out by the HuaDa company (HuaDa, China) and bioinformatics analysis was performed by Dr.TOM on-line system software developed by the Beijing Genomics Institute (http://report.bgi.com). The renal tissues were lysed and total protein was extracted. Bradford was used to quantify and draw the standard curve of protein concentration, and the protein quality was evaluated. Protein identification and analysis completed by MaxQuant (UniProt protein database). Acquire all detectable non-redundant MS/MS spectrogram information, including retention characteristics, peak intensities, and integrated mass spectra. The FDR was set to ≤ 1% for identification of both proteins and peptides. Data dependent acquisition (DDA) was used to build a spectra library for DIA analysis. Extracted ion chromatograms were generated and peak areas were obtained by integration. The MSstats R package was used for normalization and protein quantification. The Fold change > 2 and adj p-value <0.05(Q-value) were used as the screening criteria for proteins with significant differences. After the differentially expressed proteins (DEPs) between the control group and CLP group were obtained, the proteins were annotated by GO function annotation and KEGG pathway enrichment analysis. Gene Ontology (GO) identifies three aspects of biology: cellular component (CC), biological process (BP), and molecular function (MF). The dataset related to apoptosis was extracted from KEGG database, and the gene-coding proteins were obtained by STRING (https://cn.string-db.org/). The intersection analysis of DEPs and apoptosis-related proteins in control and CLP groups was carried out to obtain the key proteins of S-AKI.



2.4 Luminex assay

Blood samples were obtained from eyeballs. Serum creatinine, blood urea nitrogen (BUN), and kidney injury molecule 1 (KIM-1) were measured using Luminex assay (Mouse Premixed Muti-Analyte Kit, LXSAMSM-05). The Luminex assay was performed with Luminex LX100 system, which allows for simultaneous measurements of multiple analytes. Each measurement was performed in pg/ml on the Luminex platform, and the results were expressed as median fluorescence intensity.



2.5 TUNEL staining

TUNEL Apoptosis Assay kit (Beyotime, China) was used to measure apoptotic cells of renal tissue. The sections were deparaffinized and treated with Proteinase K for 30 min at 37°C. After washing with PBS twice, the slides were incubated with TUNEL detection solution for 1 h. The red fluorescence of apoptotic cells was captured by a fluorescent microscope (Ex/Em = 550/570 nm). Apoptotic cells were counted in three randomly selected fields.



2.6 Cathepsin B activity

Cathepsin B activity was measured using fluorometric Cathepsin B Activity Assay (Abcam, USA). Tissue samples and cell samples were prepared following the manufacturer’s protocol. 50 μL samples and 50 μL reaction buffer were added to black 96-well plates. 2 μL CTSB substrate (Ac-RR-AFC; 200 μM final concentration) was added and the mixture was incubated for 1 h at 37°C. Measure output on a fluorescent microplate reader at Ex/Em = 400/505 nm.



2.7 Transmission electron microscopy (TEM)

The morphological changes of kidney tissues were observed by TEM. Kidney tissues were cut into about 1 mm3 pieces and placed in 4% glutaraldehyde at 4°C for 12 h. TEM was performed by Wuhan Servicebio Technology company. Hitachi HT7700 TEM (Hitachi, Japan) was used for imaging ultrastructure.



2.8 Cell culture and treatment

Human proximal tubular epithelial cells (HK-2) were obtained from American Type Cell Culture (ATCC). Cells were cultured in DMFM/F-12 (Gibco, USA) containing 10% fetal bovine serum in a cell incubator with 5% CO2 maintained at 37°C. HK-2 cells were treated with different concentrations of LPS for 24 h or 48 h. CTSB inhibitor CA074 was purchased from MERCK (134448-10-5). HK-2 cells were treated with 5 μM CA074.



2.9 Cytotoxicity assay

Cytotoxicity assay was measured by the Cell Counting Kit 8 assay (CCK8) and Annexin V-FITC/PI Apoptosis Detection Kit. Cell viability was measured with CCK8 (Yeasen, China). HK-2 cells (4 × 103 cells/well) were cultivated in 96-well plates. LPS was added to plates. At the appropriated time point, 10 μL of CCK8 was added to each well and incubated for 3 h. The results were assayed with a wavelength of 450 nm using a microplate reader. An Annexin V-FITC/PI Apoptosis Detection Kit (Beyotime, China) was used to assess cell apoptosis. Cells were washed with cold PBS for 2 times and were harvested by trypsin without EDTA. Cells were suspended in 195 μL binding solution. Then, Annexin V-FITC (5 μL) and propidium iodide (10 μL) staining solution were added and incubated in an ice bath avoiding light for 15 min. The ratio of apoptotic cells was determined by flow cytometry.



2.10 Lysosome membrane permeability (LMP)

Acridine orange (AO) (sigma, USA) was performed to assess the LMP. HK-2 cells were incubated by AO (5 μg/mL) for 20 min at 37°C. Cells were visualized using a confocal scanning microscope. The excitation wavelength was 488 nm, while the data were obtained at two separate emission wavelengths (505-560 nm, 590-690 nm). The decreased red fluorescence and enhanced green fluorescence were the sign of LMP.



2.11 Mitochondrial membrane potential (MMP)

MMP was assessed using JC-1 kit (Beyotime, China). Cells were incubated with JC-1 working solution for 20 min at 37°C in the dark. Cells were washed with cold JC-1 staining buffer for 2 times, and observed by fluorescence microscopy. Red J-aggregate emission (Ex/Em=525/590 nm) was observed in normal cells, and JC-1 monomers (Ex/Em=490/530 nm) were generated as membrane potential decreased, resulting in green emission.



2.12 Real-time PCR

The total RNA was extracted from HK-2 cells with TRIzol reagent, and the cDNA is synthesized using PrimeScript™ RT reagent Kit (Takara, Japan). Real-time PCR was performed using SYBR Green Real-time PCR master mix on DNA Engine Opticon 2 System. The PCR cycle is 95 °C for 10 seconds, 60 °C for 30 seconds. The expression levels of CTSB and GAPDH were assessed using the 2−ΔΔCt method. The primers used were as follows: CTSB: F: CGCGGCTCAAAAGGAAACC; R: TTAACTTGACAG GGTGAAGCTG. GAPDH: F: TGTTGCCATCAATGACCCCTT; R: CTCCACG ACGTACTCAGCG.



2.13 Western blot

The total protein concentration was determined by BCA assay (Beyotime, China). And the protein concentrations were adjusted to 1μg/μL. Cell lysates were boiled at 100°C for 5 min, separated on 12% SDS–PAGE and transferred to 0.22 μm PVDF membrane. Membranes were blocked with 5% non-fat milk at room temperature for 1.5 h. Then, the membranes were incubated with the primary antibodies overnight at 4 °C, followed by incubation with the secondary antibodies. Immunoblots were visualized using ECL and analyzed using Image J software. The following antibodies (Abclonal, China) were used: anti-β-actin (AC006), anti-caspase3(A19654), anti-PARP (A11010), anti-Bax (A12009), anti-Bcl2(A19693) and HRP Goat Anti-Rabbit IgG (H+L) (AS014).



2.14 Statistical analysis

Statistical analysis was performed by GraphPad Prism 8.0 software. Data were shown as means ± sem. The difference between the two groups was determined using Student t-test, and the difference among multiple groups was analyzed by the one-way analysis of variance, with p < 0.05.




3 Results


3.1 Established sepsis-induced AKI model in mice

Renal histopathological analysis and renal function tests were performed to evaluate kidney injury. HE staining showed that the renal structure in the control group was intact with no sign of swelling, denaturation, necrosis, and inflammatory cell infiltration. The pathological changes in the kidney tissue were aggravated over the 12 h post-CLP. Renal tubular epithelial cell swelling, necrosis, vacuolar degeneration, and renal tubular lumen expansion were observed in the CLP group (
Figure 1A
). The renal tubular injury scores were elevated (
Figure 1B
). Renal function and injury biomarkers were evaluated using the serum creatinine, BUN, and KIM-1(
Figures 1C-E
). The creatinine and BUN levels were about 3-fold higher in the CLP group than in the control group. In addition, KIM-1 was higher in CLP mice than in the control group. TUNEL staining was used to assess apoptosis in kidney tissues. Few apoptotic cells were found in the control group, and the number of TUNEL-positive cells in CLP group was significantly increased compared with control group(
Figures 1F, G
).




Figure 1 | 
S-AKI model of renal injury in mice. (A) Representative histological images from HE staining kidney sections. Magnification, 100 x, 400 x. (B) Renal injury scores assessed based on evaluation of HE staining. (C) Serum BUN, (D) serum creatinine, (E) serum KIM-1 as measures of kidney function. (F) Images of TUNEL staining, red: TUNEL-positive cells, blue: DAPI. (G) TUNEL-positive cells rat. Magnification, 200x. Data expressed as mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control group.






3.2 Proteomics analysis of renal tissue and identify CTSB as the key protein

The proteomics analysis was used to analyze renal tissues in the S-AKI model. The proteomics analysis analyzed six samples (three samples for each group) and identified 115,664 peptides and 21,805 proteins. Of the total proteins,11,054 proteins were found in the control group and 10,751 proteins in the CLP group. Compared with the control group, there were 108 upregulated proteins and 341 downregulated proteins in the CLP group (
Figure 2A
). GO analysis of the 449 DEPs was performed. In the CC category, the top GO terms were integral component of membrane, endoplasmic reticulum, and lysosome. In the BP category, the top GO terms were positive regulation of fibroblast proliferation, response of lipopolysaccharide, and ion transport. In the MF category, the top GO terms were DNA-binding transcription activator activity, sequence-specific DNA binding, and protein binding. KEGG pathway enrichment analysis showed that the lysosome, FoxO signaling pathway, and ferroptosis were the top 3 pathways with the most protein enrichment (
Figures 2B-E
). The intersection between DEPs and apoptosis-related proteins extracted from KEGG was analyzed. CTSB and MAP2K2 were selected as key proteins (
Figure 2F
). The functional annotation and pathway enrichment analysis suggested that lysosome was the key cell component and pathway in S-AKI. In addition, the result showed that CTSB is one of the most important cathepsins in the lysosome. The proteomic analysis illustrated that lysosomes and CTSB might be the key drivers of S-AKI development.




Figure 2 | 
Proteomic analysis of renal tissues. (A) Volcano plot of differentially expressed proteins (DEPs). Bubble map of GO and KEGG pathway analysis: (B) Cellular Components, (C) Biological Process, (D) Molecular Function, (E) KEGG pathway. (F) Venn diagram of DEPs and apoptosis-related proteins.






3.3 Lysosomal membrane permeabilization and CTSB activity in S-AKI

The ultrastructural changes in renal tissue were observed by TEM. In the control group, the nuclei and organelles had normal structures. A single layer of membrane was observed in lysosomes, which contained numerous internal substances. The TEM revealed that intracellular vacuoles were formed, mitochondria were swollen and rounded, the number and volume of lysosomes were increased in CLP renal tissues. The increased size of lysosomes suggested that lysosomes were dysfunctional. Cytoplasmic vacuoles and mitochondria swelling and rupture indicated the apoptosis occurred in renal tissue (
Figure 3A
). Analysis of the activity of CTSB found that the activity of CTSB was higher in the CLP group than in the control group (
Figure 3B
). The data above suggested that lysosomes and CTSB were involved in S-AKI, and LMP and CTSB leakage were associated with kidney injury in sepsis.




Figure 3 | 
Lysosome and CTSB. (A) Transmission electron microscope (TEM) images. Magnification, 2500 x, 8000 x. Red arrows: lysosome, yellow arrows: mitochondria, blue arrows: cellular vacuolization. (B) The CTSB activity of renal tissue. Data expressed as mean ± sem. *p < 0.05, vs. control group.






3.4 LPS increased the CTSB activity and LMP in HK-2 cells

To verify the hypothesis, we further established an LPS-induced HK-2 cell injury model to investigate the role of lysosomes and CTSB. HK-2 cells were treated with different concentration of LPS (10 μg/mL, 25 μg/mL, 50 μg/mL) for 24 h, 48 h and subjected to the CCK8 assay. The results showed that LPS inhibited the growth of HK-2 cells significantly, 10 μg/mL LPS treated for 24 h was the optimum concentration of LPS and was thus selected for further experiments (
Figure 4A
). Subsequently, we stimulated HK-2 cells with LPS and the CTSB activity and mRNA expression were investigated. The results showed that LPS induced a significant increase in the activity and mRNA expression of CTSB (
Figures 4B, C
). To confirm lysosomal permeability, the lysosomes were stained with the OA staining,and observed under a confocal microscope. After LPS stimulation, the red particles obviously decreased which indicated an increase in lysosomal permeability (
Figure 4D
). The above results suggested that LMP occurred and CTSB activity and mRNA expression increased in the LPS-induced HK-2 injury cell model




Figure 4 | 
LPS-induced HK-2 cell injury model. (A) Cell viability rate of different concentrations of LPS using the CCK8 assay. (B) CTSB activity and (C) mRNA expression in HK-2 cells. (D) Lysosomal membrane stability by AO staining under confocal microscope. Magnification,1000 x. Data expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001vs. control group.






3.5 Inhibition of CTSB activity alleviated LPS-induced HK-2 apoptosis

To determine whether inhibition the CTSB activity could alleviated LPS-induced cell injury in HK-2 cells, the CTSB inhibitor CA074 and CA074+LPS treatment were utilized Analysis of the CTSB activity results showed that compared with the control group, CA074 significantly inhibited the activity of CTSB(
Figure 5A
). HK-2 cells treated with LPS+CA074 showed higher cell viability rate than those treated with LPS. This indicated that CA074 could reverse the effect of LPS (
Figure 5B
). To further clarify the effect of CA074 against the LPS-induced apoptosis, Annexin V/PI double staining was performed. As shown in 
Figures 5C, D
, the percentage of apoptotic cells was higher in LPS treated cells than that of in LPS+CA074 treated cells. Those findings demonstrated that CA074 could prevent LPS-induced apoptosis by inhibiting the increase in CTSB activity.




Figure 5 | 
CA074 inhibited CTSB activity and relieved LPS-induced HK-2 apoptosis. (A) The influence of CA074 in CTSB activity. (B) The cell viability rate of HK-2 cells treated with CA074 using the CCK8 assay. (C) Flow cytometry analysis of apoptosis in HK-2 cells treated with CA074 by Annexin V/PI staining. (D) The percentage of apoptotic cells in different groups determined by flow cytometry analysis. Data expressed as mean ± SD. *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. control group. #p < 0.05, ###p < 0.001, ####p < 0.0001 vs. LPS group.






3.6 CTSB induced apoptosis by activating mitochondrial apoptosis pathway in HK-2 cells

To investigate whether mitochondrial apoptosis pathway was involved in LPS-induced HK-2 cell injury. mitochondrial membrane potential was assessed. Using the membrane-permeant JC-1 dye, LPS-treated HK-2 cells showed a green fluorescence shift as the mitochondria became depolarized compared with control cells. A higher ratio of red-to-green fluorescence intensity ratio was observed after LPS treatment. The green fluorescence was significantly reversed in the cells co-treated with CA074+LPS (
Figures 6A, B
), confirming that CA074 could reverse the injury caused by CTSB. The effect of CTSB and CA074 on apoptosis-related proteins was measured with western blot. LPS treatment markedly increased the Bax/Bcl2 ratio (
Figures 6C-E
). In addition, the expression of cleaved-caspase3 and cleaved-PARP were higher in HK-2 cells compare with control group after LPS treatment (
Figures 6F-I
). In contrast, CA074 treatment decreased the expressions of Bax, cleaved-caspase3 and cleaved-PARP. These results suggested that CTSB inhibition could reverse apoptosis by blocking the Bax/Caspase3/PRAP activation.




Figure 6 | 
CTSB activate mitochondrial apoptosis pathway. (A) Representative images of JC-1 staining. Magnification,200 x. (B) The radio of JC‐1 green to red fluorescence. (C) Representative image of Bax and Bcl2 protein expression. (D, E) Western blotting analysis of Bax and Bax/bcl2. (F) Representative image of caspase3, cleaved-caspase3, PARP and cleaved-PARP protein expression. (G-I) Western blotting analysis of caspase3, cleaved-caspse3, cleaved-PARP. Data expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.001, ###p < 0.001 vs. LPS group.







4 Discussion

In this study, the AKI model of sepsis in mice was established, and the protein spectrum detection and bioinformatics analysis of kidney tissues showed that lysosomes and CTSB exacerbate acute kidney injury in sepsis. Through in vitro experiments, we found that LMP and CTSB promoted apoptosis of HK-2 cells through the lysosome-mitochondrial axis. (
Figure 7
).




Figure 7 | 
Diagram summarizing the key findings of our study. A model of S-AKI is established in mice, and proteomic analysis reveal that lysosomes and CTSB participate in the process of kidney injury. An in vitro experiment of LPS-induced HK-2 cell injury illustrate that LPS promotes LMP and leakage of CTSB, Changes in LMP and CTSB activity resulted in apoptosis, mitochondrial membrane potential changes, and activation of the Bax/caspase3/PARP proteins. CA074 can protect HK-2 cells from apoptosis by inhibition activity of CTSB.




Proteins play important roles in various cellular activities. They can reflect the state of the body, and provide insights into the molecular changes (23, 24). Therefore We established a model of sepsis-induced renal injury in mice and performed protein spectrum detection and bioinformatics analysis to explore the mechanism underlying AKI. The GO CC analysis showed that the DEPs enriched in integral component of membrane and lysosome. The GO BP analysis showed that the DEPs enriched in response to lipopolysaccharide and apoptotic process. The results of KEGG analysis showed that lysosomes were enriched with proteins such as, Ap4m1, Gns, Hgsnat, Gusb, and Ctsb. To identify the key proteins, we explored the intersection of the DEPs with the apoptosis-related dataset, and found that the CTSB and MAP2K2 were the key proteins in S-AKI. Notably, CTSB, a proteolytic enzyme primarily found in lysosomes, is one of the indicators of LMP (25). And lysosomes were observed to swelling and becoming larger in the CLP group through TEM. Those findings confirmed that lysosomes participated in the development of S-AKI. TEM also observed the signs of cell apoptosis, including swelling and breaking of mitochondria and cell vacuolation. Furthermore, we found that the activity of CTSB was increased in CLP group, and the number of apoptotic cells exceeded that in the control group. Accordingly, it is reasonable to postulate that lysosome or LMP and CTSB pathogenesis of S-AKI.

Numerous studies have demonstrated that LMP and CTSB are involved in the pathogenesis of kidney diseases (26–29). For instance, abnormal lysosomal function and structure were found in diabetic kidney disease (DKD). Strategies that promoting lysosomal formation and maintaining the stability of lysosome membranes can alleviate glomerular podocytes and tubular epithelial cells injury and delay the progress of DKD (30). In the renal ischemia-reperfusion injury model, CTSB and CTSD were released from lysosome to cytoplasm, which activated NLRP3 and led to HK-2 cell injury (16). In the present study, our results showed for the first time that LMP and CTSB were involved in S-AKI.

An in vitro cell model was established to verify the hypothesis of LMP and CTSB. According to our results, LMP and leakage of CTSB resulted in apoptosis, mitochondrial membrane potential changes, increased ROS production, and activation of the Bax/caspase3/PARP proteins. Further, CA074, a highly selective inhibitor of CTSB (31, 32), significantly reduced HK-2 cell apoptosis by suppressing the CTSB activity in the LPS-induced HK-2 injury model. Several studies have demonstrated that LMP and CTSB involved various cell death modes, including apoptosis, ferroptosis, and necrosis (12). Zhou et al. reported that the release of CTSB and CTSL from lysosome increased the expression of tBid, active caspase-3, and cytoplastic cytochrome C in oxygen and glucose deprivation model (33). Song et al. reported that LMP occurred in rat proximal tubular cells when exposed to lead. CTSB inhibitor (CA074) and CTSD inhibitor (pepsin A) could significantly inhibit the activation of caspase-3 and cell apoptosis (17). In those kidney injury models, downregulation or inhibition of CTSB activity ameliorated the severity of AKI demonstrated the role of lysosomes or CTSB as a common pathway in S-AKI pathophysiology. It is also possible that LMP and CTSB may prevent S-AKI through other cell death pathways, and our results showed that CTSB significantly triggered apoptosis through mitochondrial apoptosis pathway in LPS-treated cells (30, 31).

Mitochondrial dysfunction has been proven to initiate and accelerate kidney injury (34). One study based on AKI patients and CLP-induced sepsis rat model reported that the mitochondrial dysfunction was closely related to S-AKI (35). CTSB induces mitochondrial outer membrane permeabilization by activating the Bax signaling (36). The released CTSB converts Bid to active truncated Bid (tBid), inducing tBid and Bax mitochondrial translocation and Bax oligomerization, forming pores on the outer mitochondrial membrane. Consequently, mitochondrial intermembrane space proteins are released into the cytoplasm, resulting in cell death.In our study, LPS reduced the mitochondrial membrane potential and activated downstream protein s caspase3/PARP, suggesting that the mitochondrial pathways mediate apoptosis (37, 38).

CA074 is a selective inhibitor of CTSB, has been developed as a promising agent for treatment of different cancers. This study is the first to describe the protective effects of CA074 on AKI by inhibiting the mitochondrial apoptosis pathway. However, further in vivo and clinical trials are needed to investigate its effectiveness and safety in the treatment of S-AKI. Inhibition of CTSB may be an effective strategy to treat AKI.



5 Conclusion

The finding of this study confirmed that LMP and CTSB contributed to pathogenesis of S-AKI. Moreover, LPS induced LMP and promoted the leakage of CTSB, triggering the mitochondrial apoptosis in HK-2 cells. However, further studies are needed to accelerate the clinical translation of LMP and CTSB. CA074 as an agent inhibit CTSB might be potential drugs for S-AKI treatment.
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  Postoperative cognitive dysfunction (POCD) is a prevalent clinical entity following surgery and is characterized by declined neurocognitive function. Neuroinflammation mediated by microglia is the essential mechanism of POCD. Anesthetics are thought to be a major contributor to the development of POCD, as they promote microglial activation and induce neuroinflammation. However, this claim remains controversial. Anesthetics can exert both anti- and pro-inflammatory effects by modulating microglial activation, suggesting that anesthetics may play dual roles in the pathogenesis of POCD. Here, we review the mechanisms by which the commonly used anesthetics regulate microglial activation via inflammatory signaling pathways, showing both anti- and pro-inflammatory properties of anesthetics, and indicating how perioperative administration of anesthetics might either relieve or worsen POCD development. The potential for anesthetics to enhance cognitive performance based on their anti-inflammatory properties is further discussed, emphasizing that the beneficial effects of anesthetics vary depending on dose, exposure time, and patients’ characteristics. To minimize the incidence of POCD, we recommend considering these factors to select appropriate anesthetics.
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  1. Introduction.

POCD is a common postoperative complication characterized by personality changes and impaired learning and memory capacities (1, 2). The incidence of POCD in elderly surgical patients can reach 41.4%, and it increases postoperative complications and mortality rates (3). The pathogenesis of POCD is still unknown. In recent years, it has become clear that neuroinflammation mediated by microglia plays a key role in the pathogenesis of POCD (4, 5). In response to inflammatory stimuli, microglia, which serve as the first line of defense in the central nervous system (CNS), are activated and polarized into two opposing phenotypes: pro-inflammatory M1 and anti-inflammatory M2 (6, 7). M1 and M2 phenotypes are responsible for the release of pro- and anti-inflammatory mediators, respectively (8). Excessive microglial activation and a dysregulated M1/M2 ratio exacerbate neuroinflammation and impair neurocognitive function (6, 9). Inhibition of microglial activation and promotion of microglial M2 polarization are potential treatment strategies for neuroinflammatory diseases. Therefore, microglia are essential research targets for the pathogenesis of POCD.

The administration of anesthetics is a critical risk factor for POCD, which is associated with the microglial activation and neuroinflammation induced by anesthetics (2, 10, 11). However, recent evidence suggests that anesthetics have both anti- and pro-inflammatory properties and may play dual roles in the pathogenesis of POCD (12–14). Several commonly used anesthetics can improve neurocognitive outcomes by suppressing microglial activation, promoting M2 polarization, and exerting anti-neuroinflammatory effects (15–17). These findings suggest a role for anesthetics in perioperative neuroprotection studies. In contrast, high doses, long-term exposure, and the vulnerable phases of newborns and elderly patients are likely to drive anesthetics to switch from inhibiting microglial activation to promoting it, which increases the risk of anesthetic-induced POCD (18, 19).

Although anesthetics play a key role in the development of POCD, the contribution of anesthesia versus surgery in POCD is difficult to distinguish. In this review, to better understand the anti- and pro-inflammatory mechanisms of anesthetics, we review literature on the independent effect of anesthetics, and introduce intravenous, volatile, and local anesthetics that regulate microglial activation and M1/M2 polarization via multiple inflammatory signaling pathways. In particular, we list the anti-inflammatory and neuroprotective effects of anesthetics in various inflammatory models, such as lipopolysaccharide (LPS) stimulation, cerebral ischemia/reperfusion (I/R) injury, and laparotomy surgery. We discuss the potential role of anesthetics in ameliorating POCD by suppressing microglial activation, a topic requiring further exploration. And we suggest anesthesiologists should consider the anti- and pro-inflammatory properties of anesthetics, as well as their dose, exposure time, and patients’ specific characteristics, to minimize the incidence of POCD.


 2. Microglial activation.

Microglia are resident immune cells in the CNS, accounting for 10-15% of all brain cells (20). They are typically in a resting state and secrete neurotrophic factors such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), which are involved in neuronal development, maintenance, and survival (21). Microglial functions such as synapse pruning and synaptic stripping are essential for regulating synaptic plasticity and maintaining proper learning and memory capabilities (22). In addition, during the development of neuroinflammation processes with the disruption of the blood-brain barrier (BBB) and the infiltration of peripheral immune cells, microglia are activated by several inflammatory mediators (23, 24).

Depending on the activated state, microglial activation can have both neuroprotective and neurotoxic effects. Microglial activation is traditionally classified into two major phenotypes: pro-inflammatory M1 (classical activation) and anti-inflammatory M2 (alternative activation) (8). The M1 phenotype is activated by pro-inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), LPS, and interferon-gamma (IFN-γ) (25), while the M2 phenotype is activated by anti-inflammatory cytokines such as interleukin (IL) -4 and IL-13 (26). Microglial M1 phenotype releases proinflammatory cytokines (such as IL-1β, TNF-α, and IL-6), chemokines, nitric oxide (NO), and reactive oxygen species (ROS), resulting in neuronal cell injury and BBB disruption (27). The neuronal damage mediated by chronic M1 phenotype activation is a component in the pathogenesis of Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) (6). The microglial M2 phenotype releases anti-inflammatory cytokines IL-10, arginase (Arg-1) and chitinase-3 (Chil3) to maintain and repair neural tissue (28). The polarization of M2 microglia is essential for the restoration of tissue homeostasis after inflammatory injury (28). Promoting the polarization of microglia from M1 to M2 ameliorates the progression of several neuroinflammatory diseases (6, 29), suggesting a prospective therapeutic potential. Indeed, this dichotomous classification simplifies microglial activation, and multiple intermediate phenotypes between M1 and M2 phenotypes have been identified in recent years (30). However, the regulation of M1/M2 polarization remains a focus in the study of neuroinflammatory disease pathogenesis, and further studies are required.


 3. Inflammatory signaling pathways involved in microglial activation.

Multiple receptors expressed in microglia recognize inflammatory mediators and transmit the inflammatory stimulus signal to induce microglial activation via downstream signaling pathways (7, 31), mediating the release of pro-inflammatory cytokines, chemokines, and promoting increased NO and ROS production from microglia, thus contributing to the development of the central neuroinflammatory response (32). Targeting the upstream receptors or the downstream pathways has been a crucial strategy for regulating microglial activation and has promising research prospects for the treatment of neuroinflammatory diseases (31, 33). Therefore, it is vital to recognize the inflammatory signaling pathways involved in microglial activation.

 3.1. Microglial receptors for inflammatory signal transmission.

In addition to chemokine and IL receptors, there are critical components that recognize danger-associated molecular patterns (DAMPs), ligands produced by damaged cells (4). The toll-like receptor (TLR) family of pattern recognition receptors (PRRs) plays a crucial function in recognizing DAMPs (34). Toll-like receptor 4 (TLR4), a member of the TLR family, is overexpressed in microglia in response to inflammatory stimuli (35). TLR4 identifies DAMPs and transmits signals downstream by binding to the cytosolic adaptor protein myeloid differentiation primary response 88 (MyD88) (35, 36). As the upstream signal transduction node, TLR4 mediates the activation of multiple inflammatory signaling pathways, such as the nuclear factor kappa B (NF-κB) pathway, phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway, and mitogen-activated protein kinases (MAPKs) pathway, suggesting its pivotal role in neuroinflammation (37–39). Another surface receptor that identifies DAMPs and mediates the NF-κB pathway activation is the receptor for advanced glycation end products (RAGE) (40), a multiligand receptor involved in non-PRRs (41). Recently, the activation of triggering receptors expressed on myeloid cells 2 (TREM2), a surface receptor expressed on microglia (42), has been shown to exert anti-neuroinflammatory effects via the PI3K/Akt pathways (43, 44). These microglial receptors, as nodes of signal transduction, are essential targets for neuroinflammatory mechanisms and may play a significant role in the amelioration of neuroinflammatory diseases.


 3.2. NF-κB signaling pathway.

The transcription factor NF-κB is a key regulator involved in microglial M1 activation (20), based on the role of promoting the expression of numerous inflammatory mediators (45), such as proinflammatory cytokines IL-1, IL-6 and TNF-α, proinflammatory enzymes cyclooxygenase 2 (COX2) and inducible nitric oxide synthase (iNOS) (45). NF-κB exists in multiple dimeric forms, mostly as RelA (p65)/P50 complexes that are involved in the canonical NF-kB pathways activated by proinflammatory cytokines, LPS, and DAMPs (46, 47). As a member of DAMPs, high mobility group box 1 (HMGB1) has been identified as a major neuroinflammatory biomarker associated with cognitive impairments (48, 49). HMGB1 is recognized by both TLR4 and RAGE on microglia (35, 40), and the inactive NF-κB p65/p50 in cytosolic is released from the NF-κB inhibitor IκB, where it becomes active to enter the nucleus, binding to the promoter region of pro-inflammatory genes and promoting the expression of proinflammatory mediators (47). Studies focusing on the inhibition of the HMGB1/TLR4/NF-κB and HMGB1/RAGE/NF-κB axes showed a suppression of microglial M1 polarization and promotion of M2 polarization, resulting in neuroprotective benefits (40, 50).


 3.3. PI3K/AKT signaling pathway.

PI3K is an intracellular lipid kinase that transduces signals from microglial surface receptors such as TLR4 and tyrosine receptor kinase B (TrkB) and activates Akt via phosphorylation of phosphatidylinositol 4,5 bisphosphate (PI (4, 5)P2) to phosphatidylinositol 3,4,5 trisphosphate (PI (3–5)P3) (51, 52). Phosphorylated Akt can activate NF-κB and mediate inflammation; inhibiting the microglial PI3K/Akt/NF-κB pathway reduces microglial activation and the release of pro-inflammatory cytokines (53). Glycogen synthase kinase-3 beta (GSK-3β), as a serine/threonine kinase, can be inactivated by phosphorylated Akt to activate nuclear factor erythroid 2-related factor 2 (Nrf2) (54), thus facilitating the microglial M2 polarization (55). In addition, new evidence suggests that microglial TREM2 activation reduces microglia-mediated neuroinflammation and ameliorates cognitive impairment via the PI3K/Akt signaling pathway (43, 44), indicating the TREM2/PI3K/Akt pathway may be a potential neuroprotective target. Together, the PI3K/Akt pathway is involved in microglial activation and M1/M2 phenotype polarization, exerting both anti- and pro-inflammatory effects.


 3.4. MAPK signaling pathway.

The MAPKs family, as intracellular signaling molecules, are comprised of extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase (JNK) and regulating inflammatory responses (56). NF-κB is also the MAPK family’s downstream activated molecule (57, 58). The activation of microglial MAPKs pathways enhanced the release of pro-inflammatory cytokines and promoted the microglial M1 polarization through the activated NF-κB (58). In vivo and in vitro studies revealed that inhibiting the MAPKs/NF-κB pathway can attenuate microglia-mediated neuroinflammation (59, 60). Furthermore, inhibiting the MAPKs/NF-κB pathway reversed LPS-induced M1 polarization and balanced the M1/M2 ratio (61, 62). TLR4/MyD88 can phosphorylate MAPKs through the activated TNF receptor associated factor 6 (TRAF6) (39). Therefore, TLR4, as the upstream signal transduction node of MAPKs/NF-κB pathway, has been served as an important target to inhibit MAPKs/NF-κB activation and against neuroinflammation (35).


 3.5. BDNF/TrkB signaling pathway.

BDNF is a neurotrophin exerting a neuroprotective role via binding to its high-affinity receptor TrkB (63). BDNF and TrkB are highly expressed in the microglia (64), and play an important role in modulating microglial activation. The upregulated BDNF/TrkB pathway promotes M2 microglial polarization and neurogenesis (65). Activating the BDNF/TrkB pathway also triggers various intracellular signaling pathways (66), such as PI3K/Akt and MAPKs, and has anti-inflammatory properties (67). The PI3K/Akt signaling pathway is the main pathway for TrkB-mediated anti-inflammatory effects (68). The BDNF/TrKB/PI3K/Akt pathway is involved in the mechanisms by which the natural compound curcumin (Cur) inhibits microglial activation induced by traumatic brain injury (TBI) (68). The BDNF/TrkB/ERK pathway has been confirmed to inhibit LPS-induced microglial activation through phosphorylation of the downstream cAMP-response element binding protein (CREB) (64), which is an inhibitor of NF-kB (69).


 3.6. NLRP3 inflammasome signaling pathway.

The NLRP3 inflammasome is a cytoplasmic polyprotein complex existing in microglia constituted by NLRP3, inflammatory protease caspase-1, and the adaptor protein, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) (70, 71). The activation of the NLRP3 inflammasome activates caspase-1, promoting pyroptosis as well as the release of proinflammatory cytokines IL-1β and IL-18 (72). The NLRP3 inflammasome is considered a key contributor tomicroglia-mediated neuroinflammation (70, 73). Recent studies indicate that targeting the microglial NLRP3 inflammasome signaling pathway alleviates cognitive abnormalities in POCD (74, 75), and increase treatment efficacy in AD, PD, and TBI (70, 76, 77). Therefore, the NLRP3 inflammasome has become a preventative and therapeutic target for neuroinflammatory diseases.



 4. Effects of anesthetics on microglial activation .via signaling pathways

Microglia-mediated neuroinflammation is the critical mechanism in POCD (4, 5). Animal experiments of POCD often use microglial activation as an indicator to assess neuroinflammation and neuronal damage, and it is strongly associated with a decline in cognitive performance (78, 79). Targeting microglia has been proposed as a potential strategy to improve the development of POCD (5). Emerging in vivo and in vitro evidence ( Tables 1 ,  2 ) indicates that commonly used anesthetics could target microglial activation through signaling pathways to produce anti- and pro-inflammatory effects, thus ameliorating or exacerbating the development of POCD.

 Table 1 | Effects of anesthetics on microglia and related signaling pathways in vivo. 



 Table 2 | Effects of anesthetics on microglia and related signaling pathways in vitro. 



 4.1. Intravenous anesthetics.

 4.1.1. Propofol.

Propofol is a short-acting intravenous anesthetic commonly used for anesthesia induction and maintenance (120). It potentiates the gamma-aminobutyric acid A (GABAA) receptors while blocking the N-methyl-D-aspartate (NMDA) receptors (120). Clinical evidence suggests that propofol could be beneficial in reducing elderly POCD incidence (121, 122), as the anti-inflammatory property of propofol. Aged rats with cardiac surgery under propofol anesthesia showed less neuroinflammation and improved cognitive outcomes because of attenuated microglial activation (14). Similarly, in the TBI model with significant neuroinflammation, the administration of propofol inhibits microglial activation and attenuates neuronal cell death, thus improving cognitive recovery after brain injury (17). Therefore, propofol is a potential anesthetic with neuroprotective properties through suppressing microglial activation.

Accumulating evidence has confirmed that propofol targets NF-κB and its upstream signaling pathways to inhibit microglial activation in vivo and in vitro (80, 108–110). Microglial activation in the spinal cord induced by peripheral inflammation can be reversed by propofol via inhibition of the MAPK ERK1/2/NF-κB pathway (80). In the LPS-induced cell model, the release of pro-inflammatory cytokines and the genes TICAM1, IRF3, and NFKB1 involved in NF-κB pathway are downregulated by propofol (108, 109). TLR4 and its adaptor protein MyD88, key upstream inflammatory mediators that activate NF-κB, are also downregulated by propofol, thus inhibiting the microglial activation induced by LPS (110, 111).

The PI3k/Akt pathway is also involved in the anti-inflammatory mechanisms of propofol on microglial activation (109, 123). Liu et al. (109) found that miRNA miR-106b acted as an upstream anti-inflammatory regulator, inhibiting Akt phosphorylation; propofol induced the overexpression of miR-106b to attenuate LPS-induced microglial activation by inhibiting the PI3k/Akt pathway (109). In addition, GSK-3β, the activation of which facilitates neuroinflammation, can be inactivated by Akt (123) and is also inactivated by propofol in LPS-treated BV2 cells, and this may be related to the activation of PI3k/Akt pathway (111). Together, multiple signaling pathways, including the NF-κB pathway, with the upstream MAPK and TLR4/MyD88 signaling, and the PI3k/Akt pathway, are involved in the anti-inflammatory mechanisms of propofol on microglia. This provides important evidence for the potential benefits of propofol on POCD. Could propofol be recommended as a preventative therapy for POCD?

Unfortunately, propofol is not entirely anti-inflammatory and neuroprotective. Propofol also promotes neuroinflammation and microglial activation in an age-dependent manner (13, 19). Propofol-induced neuroinflammation occurs primarily in the developing brain, vulnerable due to extensive synaptogenesis, resulting in developmental neurotoxicity (124, 125). Propofol administration induces microglial activation and neuroinflammation in P7 neonatal rats (13, 19). However, the mechanism by which propofol promotes microglial activation in the developing brain is not completely clear. Studies indicate it is related to the downregulated hippocampal neurotrophin BDNF, thus inhibiting BDNF/TrKB signaling and downstream PI3K/Akt activation (19, 81). Importantly, the pro-inflammatory effect of propofol is closely related to exposure time. Repeated administration of propofol in both neonatal and aged rats led to long-term cognitive injury as well as the upregulation of NF-κB and NLRP3 inflammasome in the brain (13, 82), suggesting the activation of NF-κB and NLRP3 inflammasome pathways participate in the pro-inflammatory mechanisms of propofol. Further validation of the effects of repeated propofol exposure on microglial activation, which is the key to neuroinflammation development, is required.


 4.1.2. Ketamine.

Ketamine and its more potent S-enantiomer (esketamine) work as NMDA-receptor antagonists, benefiting from their short-term anesthesia and analgesia, which are frequently used for pediatric anesthesia and for procedure sedations outside the operating room (126, 127). The effects of ketamine on POCD remains controversial. Clinical research suggesting an alleviated impact of ketamine on cognitive impairment following cardiac surgery is inconclusive (128–130), and this may be the result of ketamine’s anti- and pro-inflammatory effects.

Several studies have elucidated the anti-inflammatory properties of ketamine, notably in neuroinflammation-induced depression (84, 131). Ketamine’s anti-inflammatory role is primarily associated with the suppression of microglial activation (84, 112). Shibakawa et al. (113) found ketamine, more so than propofol, inhibited the release of TNFα in LPS-treated microglia cells. It was confirmed in vitro that ketamine inhibits microglial activation through the MAPK ERK1/2 pathway (112). In addition, blockade of the glutamate NMDA receptors by ketamine or esketamine induces binding between glutamate and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, leading to synaptic release of BDNF, which activates the TrkB pathway and participates in NF-κB translocation inhibition (85). Esketamine decreases the number of activated microglia cells and improves depression-like behaviors in a postoperative depression (POD) model, via the BDNF/TrkB/NF-κB signaling pathway (83). Moreover, the administration of ketamine reverses microglial M1 polarization induced by LPS and promotes M2 polarization in vivo and in vitro in association with the downregulated HMGB1/RAGE axis (15). The HMGB1/RAGE axis activates NF-κB, and its inhibition can induce neuroprotective effects (40, 132).

Recent evidence suggests ketamine’s potential targeting of microglial activation may explain its pro-inflammatory role (86, 87, 114), but studies remain insufficient. A recent in vitro study suggests that ketamine administration induces microglial M1 polarization, thus increasing neural cell death (114). However, the mechanism by which ketamine increases the M1 phenotype remains unknown. In terms of ketamine’s pro-inflammatory effect, it has been suggested that ketamine-induced neuroinflammation depends on dose and exposure time. A high dose of ketamine (80 mg/kg) or long-term exposure for 6 months can aggravate neuroinflammation and impair neurocognitive performance (87). In addition, like propofol, developmental neurotoxicity is also induced by ketamine (86, 133). The cognitive deficits in P7 neonatal rats induced by clinical doses of ketamine (20 mg/kg) are associated with hippocampal NLRP3 inflammasome activation (86). In short, the anti-inflammatory properties of ketamine might transform into pro-inflammatory properties, depending on dose, exposure time, and age. It is thus crucial to identify the dose-, exposure time-, and age-dependent effects of ketamine on microglial activation and elucidate the pro-inflammatory mechanisms of ketamine.



 4.2. Volatile anesthetics.

 4.2.1. Sevoflurane.

Sevoflurane, the most widely used volatile anesthetic agent, can exhibit both anti- and pro-inflammatory properties (12, 54, 134). Sevoflurane-induced neuroinflammation plays a major role in the pathogenesis of POCD and has been well-explored (11, 134). Several animal studies suggest the neurocognitive dysfunction induced by sevoflurane is related to microglial activation and microglial M1 polarization via the NF-kB pathway (88–90). In vivo and in vitro studies have identified sevoflurane as suppressing microglial M2 polarization in the process of neuroinflammation (92, 115), thereby aggravating neural injury development. This suggests the imbalance of the M1/M2 microglia ratio is the central mechanism involved in sevoflurane-induced neuroinflammation. A recent study by Tang et al. (88) showed that resveratrol, a polyphenolic compound, reverses the imbalance of the M1/M2 microglia ratio in sevoflurane-exposed neonatal mice via the NF-kB pathway. Similarly, carnosol, a natural ingredient, can inhibit sevoflurane-induced microglial activation through the NF-kB pathway in aged rats (89). In addition, the NLRP3 inflammasome pathway is upregulated by sevoflurane with or without surgery, and induces abnormal microglial activation (90, 91). Inhibiting the NLRP3 inflammasome in activated microglia has produced beneficial reduction in cognitive deficits (90, 91). Thus, the microglial NF-kB and NLRP3 inflammasome pathways could be potential targets for the intervention of sevoflurane-induced neuroinflammation.

The pro-inflammatory effects of sevoflurane are age-dependent, manifesting primarily in neonatal and elderly individuals (18, 93). Previous studies show that the neuroinflammation and cognitive impairment induced by sevoflurane occurs in neonatal and old-age mice, but not adult mice (18, 93). Moreover, several clinical trials suggest that sevoflurane exposure caused neurocognitive deficits in elderly surgical patients (121, 135). The pro-inflammatory effect of sevoflurane also depends on exposure time. Microglial activation is directly associated with long-term exposure to sevoflurane, e.g., 5-6 h of exposure (89, 90, 92). Therefore, clinical procedures that require prolonged anesthesia, especially in newborns and elderly3patients, require extra attention to the potential neuroinflammation and postoperative cognitive impairment induced by sevoflurane.

Although the neurotoxicity of sevoflurane has been described in several studies, the neuroprotection of sevoflurane is still discovered, and known to be dose-dependent (12, 54, 94, 136). The anti-inflammatory mechanisms of sevoflurane have been well explored in cerebral I/R injury models (137). A sub-anesthetic dose of sevoflurane (2.5%) preconditioning engages M2 microglia polarization via the GSK-3β phosphorylation and Nrf2 activation (54), which contributes to the M1/M2 microglial phenotype shift (55). A lower dose of sevoflurane (2.0%) administration inhibited LPS-induced microglial activation (12, 94) and the release of proinflammatory cytokines after cerebral I/R injury via the TLR4/NF-κB pathway (95). In addition, low-dose sevoflurane (1.3% and 1.8%) promoted hippocampal neurogenesis and enhance spatial learning memory in neonatal rats (136, 138). Based on these studies, the low dose of sevoflurane may be responsible for its anti-inflammatory effects. Assessing the neuroprotective threshold concentration of sevoflurane is there necessary.


 4.2.2. Isoflurane.

Another volatile anesthetic, isoflurane, has pro-inflammatory effects similar to sevoflurane. Both the microglial NF-κB and NLRP3 pathways are major agonist pathways for isoflurane-induced neuroinflammation (97, 98, 116, 117). Additionally, prolonged isoflurane inhalation for 6 h leads to microglial activation and M1 polarization via the upregulation of TLR4/NF-κB pathway (98, 99), and cognitive impairment correlates directly with the multiple isoflurane exposures (139). One study comparing the pro-inflammatory properties of isoflurane with sevoflurane, discovered that at equivalent doses, isoflurane induces a significantly greater neuroinflammatory response (96), although whether this leads to more severe cognitive impairment remains to be explored.

Isoflurane also has neuroprotective benefits, suppressing microglial overactivation and reducing neuroinflammatory response. Short-term isoflurane pretreatment for 30 min reduces infarct size and enhances neurological function in the cerebral I/R model (100–102), and isoflurane reduces both microglial activation and neuronal apoptosis in infarct foci via the TLR4/NF-κB pathway (100, 101). In a model of electromagnetic pulse (EMP) exposure that triggers neuroinflammation and microglial activation, 30 min isoflurane pretreatment shifts microglia from pro-inflammatory to anti-inflammatory phenotype by significantly upregulating IκB-α, an inhibitor of NF-κB (103). It is thus possible that a temporary application of isoflurane may have neuroprotective benefits. However, to date, the neuroprotective mechanism of isoflurane and sevoflurane pretreatment have been primarily seen in the cerebral I/R model, which cannot rule out disease model specificity, and additional validation in the POCD model is required.

The volatile anesthetic desflurane, which has the benefit of rapid elimination, has been studied comparatively little in the pathogenesis of POCD. Clinical evidence suggests that desflurane may be superior to sevoflurane and isoflurane in reducing cognitive decline after surgery (140, 141). Previous studies found that multiple exposures to desflurane do not lead to cognitive impairment and neuroinflammation (93). However, neuroprotective effects were not observed following pretreatment with desflurane prior to cerebral I/R injury (101). Further studies are necessary to discover which volatile anesthetic improves patient safety the most.



 4.3. Local anesthetics.

Lidocaine, as the most used amino-amide local anesthetic, is well-known for its anti-inflammatory and neuroprotective properties (142–144). Clinical trials indicate that a continuous intravenous infusion of lidocaine for 48 h can reduce the cerebral inflammatory response induced by cardiopulmonary bypass (CPB) (144). A meta-analysis suggests that the perioperative administration of lidocaine was protective against POCD occurrence following cardiac surgery (143). The neuroprotective properties of lidocaine have also been observed in POCD rats (104, 105). In vivo and in vitro studies indicate that anti-inflammatory mechanisms of lidocaine include the inhibition of microglial activation via the TLR4/NF-κB and MAPK P38 pathways (106, 107, 118, 119). In addition, a recent study showed that the administration of lidocaine can alleviate microglial activation by inhibiting M1 polarization while increasing abundance of the anti-inflammatory M2 phenotype in the microglial line HAPI cells, and this was also confirmed in the rat neuropathic pain model (16). However, the regulatory mechanism of lidocaine on the M1/M2 ratio awaits further exploration.

Although the anti-inflammatory and neuroprotective effects of lidocaine are well supported, some clinical studies have failed to confirm that lidocaine reduces the occurrence of POCD (145, 146). Individual animal studies suggest that lidocaine injections induce neuroinflammation, possibly in association with the promotion of other immune cell activation (147). Therefore, the inhibitory effect of lidocaine on neuroinflammation remains inconclusive and warrants further investigation. Furthermore, since the inhibitory effect on microglial activation has been identified mostly in a neuropathic pain model, further validation in the POCD model is necessary.



 5. Discussion.

In recent years, the role of anesthetics in POCD has been extensively studied, yet it continues to be controversial. In this review, we summarize the effects of anesthetics on microglial activation and M1/M2 polarization via multiple inflammatory signaling pathways ( Figure 1 ). We focus on the possible dual beneficial and detrimental effects of anesthetics in POCD by targeting microglia with anti- and pro-inflammatory properties. In terms of evaluating the potential of anesthetics to ameliorate POCD based on their anti-inflammatory properties, we conclude the following.

 

Figure 1 | Effect of different anesthetics on microglial activation and M1/M2 polarization through inflammatory signaling pathways. *The potential signaling pathways involved in the mechanism of anesthetics on microglial activation. 



First, the intravenous anesthetics propofol and ketamine show significant anti-inflammatory and neuroprotective effects (14, 17, 84), but the neuroinflammation and cognitive impairment induced by long-term administration (82, 87), and especially developmental neurotoxicity (133), cannot be ignored. Mechanistically, the pro-inflammatory effects of propofol may be associated with downregulated BDNF/TrkB/PI3K/Akt pathway (19, 81), as well as activated NF-kB and NLRP3 inflammasome pathways in microglia (13, 82). Recent studies demonstrate that ketamine promotes microglial M1 polarization (114), but the exact mechanism by which this occurs is unclear and needs further exploration. Furthermore, ketamine as a novel antidepressant (148), the anti-inflammatory mechanism of which has mostly been studied using depression models (15, 84), also requires further validation in POCD models.

Second, the volatile anesthetics sevoflurane and isoflurane have similar pro-inflammatory mechanisms, but their distinct pro-inflammatory properties may result in different degrees of cognitive impairment. It is of interest that, in cerebral I/R injury models, pretreatment with low-dose sevoflurane or short-term isoflurane can both suppress microglial activation, which may be via the TLR4/NF-κB pathway (95, 100). Sevoflurane and isoflurane also promote microglial M2 polarization by activating Nrf2 and inhibiting NF-κB, respectively (54, 103). In addition, the rapid elimination of desflurane may explain why it is less likely to cause neuroinflammation and cognitive impairment, although the exact mechanism remains to be studied. These studies reveal the neuroprotective potential of volatile anesthetics, an important direction for future research to reduce POCD.

Third, lidocaine, a commonly used local anesthetic, has been suggested to reduce the occurrence of POCD after cardiac surgery (143), but contradictory results remain (145, 146). Current evidence suggests lidocaine has significant anti-inflammatory effects and facilitates microglial M2 polarization (16, 106, 107, 118); however, the related signaling pathways need further exploration. It has also been suggested that lidocaine may induce neuroinflammation and be associated with the activation of other CNS immune cells (147), and that its pro-inflammatory effects are complex and require further study. Moreover, it is important to note that these mechanistic studies of anesthetics need to be combined with clinical studies in the future to obtain more convincing conclusions.

In conclusion, anesthetics are a double-edged sword for POCD. High doses, prolonged exposure time, and the vulnerable phase of newborns and elderly patients may lead to a shift from a beneficial impact of anesthetics on POCD toward worsening outcomes. The selection of appropriate anesthetic drugs will always be a challenge for anesthesiologists, but the anti-inflammatory properties of anesthetic drugs provide promise in helping to reduce the incidence of POCD and more in-depth studies are urgently needed.
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Immunosuppressed patients can contract parvovirus B19, and some may experience hemophagocytic lymphohistiocytosis (HLH). Herein, we describe the first report of hemophagocytic lymphohistiocytosis in a heart-lung transplant patient with concomitant parvovirus B19 infection. The patient was treated with intravenous immune globulin (IVIG) and the features of HLH were remission. This instance emphasizes the significance of parvovirus B19 monitoring in transplant patients with anemia; if HLH complicates the situation, IVIG may be an adequate remedy. Finally, a summary of the development in diagnosing and managing parvovirus B19 infection complicated by HLH is provided.
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Highlights

	Parvovirus B19 infection complicated by HLH is uncommon in transplant patients

	IVIG is an effective treatment for parvovirus B19 infection complicated by HLH





Introduction

Parvovirus B19 is an ancient and conserved virus that circulated 100 million years ago or earlier (1). It is associated with pure red cell aplasia (PRCA) (2–4), viral myocarditis (5–8), erythema infectiosum (9), and other clinical manifestations. At the same time, evidence of the presence of parvovirus B19 has also been found in bone marrow transplant recipients (10) and diseases such as systemic lupus erythematosus (11, 12), miscarriage (13), systemic sclerosis (14), hereditary hemolytic anemias (15). Infectious erythema is one of the most common clinical manifestations of parvovirus B19 infection, which often occurs in children (4). Parvovirus B19 infection induced PRCA may present severe anemia and reticulocytopenia (4). Viral reactivation can occur in proerythrocytes and myocardial cells, and could be the cause of multi-organ damage (4–8). The pathogenic effects of parvovirus appear to be immune-mediated (5–8, 11, 12, 14, 15). Besides, the expansion of viral inclusion bodies in proerythroblasts mediating erythroid maturation arrest has also been observed in PRCA patients suggesting the direct pathogenic effect of the virus (2, 16). Intravenous immune globulin (IVIG) may be effective for PRCA (3, 4), intrauterine anemia (17), mantle cell lymphoma (18) due to the presence of IgG-neutralizing antibodies against parvovirus B19. However, the efficacy of IVIG is still unclear for viral myocarditis (19) and chronic fatigue syndrome (20) associated with parvovirus B19.

HLH is a group of rare but life-threatening disorders characterized by hyperinflammatory responses and dysregulated immune cells. There are many causes of HLH, including inborn errors of immunity, inborn errors of metabolism, and many kinds of tumors, including lymphoma (21). A variety of viral infections can trigger HLH (22), including human herpesvirus and human immunodeficiency virus (23). Less commonly, parvovirus B19 is associated with the life-threatening HLH; hence, early identification of triggers and treatment of the primary disease is key to a good prognosis.

There are few case reports of parvovirus B19 infection complicated by HLH in transplant patients (24–26). Herein, we describe a case of HLH in a heart-lung transplant patient due to parvovirus B19 infection. Through IVIG treatment alone, the maturity of the erythroid was recovered, and the features of HLH were in remission. Finally, we summarize the reported cases of parvovirus B19 infection complicated by HLH.



Case presentation

A 59-year-old female suffering from heart and lung failure due to long-term pulmonary hypertension underwent cardiorespiratory combined transplantation and was given tacrolimus and methylprednisolone for anti-rejection after transplantation. She had no other medical history, and no hereditary illnesses ran in her family. The patient had no bleeding from the wound and no acute rejection after the operation. She received two months of rehabilitation. Two months later, her condition changed, and she experienced repeated reductions in hemoglobin (60 g/L, reference range 130-170 g/L) and reticulocytes (0.001×1012/L, 0.1%) (Figure 1).




Figure 1 | Timeline depicting the disease course of the patient. The timeline illustrates the different events in the course of the patient’s treatment and disease progression.



Anemia was not improved after symptomatic support treatment. The monitoring of biochemical showed alanine aminotransferase, glutamic oxaloacetic aminotransferase, bilirubin, creatinine, and myocardial enzyme were within the normal range which indicated that there was no organ dysfunction of liver and kidney. During this period, although the patient had repeated fever, pathogenic tests of blood culture, sputum culture, urine culture and pleural effusion culture were all negative. Her C-reactive protein was 1.4 mg/L (reference range 0-8 ng/mL) and procalcitonin was 0.08 ng/mL (reference range 0-0.5 ng/mL) which suggested common pathogens were unlikely to be the cause of anemia.

In this condition, bone marrow puncture was performed. The bone marrow smear revealed many giant proerythroblasts (Figure 2A) and erythroid maturation arrest. Basophilic, vacuolar cytoplasm and purple-colored virus inclusion bodies in the nucleus were observed in giant proerythroblasts suggestive of B19 infection. Next-generation sequencing of her peripheral blood confirmed that the only pathogen was parvovirus B19 (Figure 3), and quantitative PCR revealed that the viral load was 1.4×1010 copy/mL (range, 0-103 copy/mL). Patient found to have increased ferritin (3865 ng/mL, reference range 7-323 ng/mL), triglycerides (4.6 mmol/L, reference range 0.3-1.7 mmol/L), reduced fibrinogen (0.83 g/L, reference range 2.0-4.0 g/L), elevated body temperature (38.5°C) for ten days, hemophagocytic cells in the bone marrow smears (Figures 2A, B), enlarged spleen, and cytopenia. Except for the unexecuted assay of serum soluble IL-2R and NK cell activity, the patient’s clinical manifestations met the diagnostic criteria of HLH as described (23).




Figure 2 | Bone marrow smear of the patient. (A) Hemophagocytic cells and proerythrocytes infected by parvovirus B19. Red arrows indicated hemophagocytic cells, blue arrows indicated proerythroblasts, and yellow arrows indicated viral inclusion bodies. (B) Hemophagocytic cells underwent phagocytosis.






Figure 3 | Results of next-generation sequencing in the peripheral blood. Mapping results of nucleotide sequences distributed along the genome of parvovirus B19 in the peripheral blood to parvovirus B19 reference genome NC_000883.



The patient’s peripheral blood did not reveal pathogens other than parvovirus B19 detected by metagenomic next-generation sequencing as described before (27, 28). Also, whole exome sequencing did not identify any HLH-associated mutations. Other possible causes for HLH, including immune disorder and tumor were ruled out, and the patient was eventually diagnosed with parvovirus B19 infection complicated by HLH. After intravenous immunoglobulin (20g/d) for ten days, the patient’s serum IgG increased from 670mg/dL (reference range 860-1740 mg/dL) at the beginning to normal, reticulocytes increased to 3%, and the viral load of parvovirus B19 was reduced to 9.2×104 copies/mL. Another bone marrow smear demonstrated that erythroid maturation was recovered, and the features of HLH were in remission.



Discussion

Parvovirus B19 infection is common, and the prevalence of IgG antibodies in the population increases with age (29). In most cases, the infection can be asymptomatic and self-limited. Erythema infectiosum or arthropathy occurs in healthy children or adults (29). In immunocompromised patients, bone marrow transplant recipients (10) or patients with hemopathy, the infection can lead to autoimmune hemolytic anemia, neutropenia, thrombocytopenia, acute pure red cell aplasia (PRCA), transient aplastic crisis (AC), and rarely HLH (30).

Published cases of parvovirus B19 complicated by HLH are summarized in Table 1. Hemolytic diseases such as hereditary spherocytosis (42–45), sickle cell disease (40), alpha thalassemia (47), glucose-6-phosphate dehydrogenase deficiency (46), and autoimmune hemolytic anemia (41) were the most frequently reported primary disease. Also, a third of patients were immunocompromised, including patients with acquired immune deficiency syndrome (50), autoimmune diseases (37–39), undergoing chemotherapy (48), and post-transplantation patients (24–26), which can lead to persistent parvovirus B19 infection and may cause pure red cell aplasia. Besides, parvovirus B19 infection complicated with HLH has been reported in otherwise healthy patients (34–36) or patients with pregnancy (31), alcoholic hepatitis (32), myocarditis (33), or Melkersson-Rosenthal syndrome (49). Of note, parvovirus B19-associated reactivation may occur in post-transplantation patients, and some patients will develop pure red cell aplasia and HLH (51). Thus, parvovirus B19 reactivation should be considered in transplant patients with decreased hemoglobin and reticulocytes without a clear cause. Giant proerythroblasts and purple inclusions in the nucleus on bone marrow smears are typical changes in pure red cell aplasia caused by parvovirus B19. If HLH occurs in such patients, it is necessary to rule out the possibility of other pathogens, such as Cytomegalovirus and Epstein-Barr virus (23).


Table 1 | Reported cases of Parvovirus B19 infection complicated by HLH.



Treatment for parvovirus B19 infection is primarily symptomatic with IVIG used in chronic infection with anemia. A five-day continuous IVIG at 400 mg/kg/day is suggested for patients with solid organ transplantation or other immunosuppression (52), and in this case, parvovirus B19 infection and HLH features were remissions after the treatment of IVIG at 20 g/day. Most patients with parvovirus B19 infection complicated by HLH can achieve remission via IVIG and/or steroids. In addition, 20 out of 24 patients survived, indicating a better prognosis of parvovirus B19-associated HLH compared to other types of HLH (Table 1).

The condition and treatment of transplant patients are complex, and the clinical manifestations of the disease can be very confusing. When these patients present with chronic anemia and cytopenia, clinicians need to be alert to parvovirus B19 infection complicated by HLH, which requires hematologists, infectious disease specialists, critical care medicine specialists, and immunologists to work together to develop a clinical diagnosis and treatment plan to avoid misdiagnosis and inappropriate treatment. IVIG can alleviate or cure parvovirus B19 infection complicated by HLH, and at the same time, patients can be protected from the side effects of HLH-2004 treatment (23). Parvovirus B19 infection easily recurs in transplant patients due to long-term immunosuppression (53), but patients in this condition can avoid death caused by HLH.



Conclusion

In transplant patients receiving long-term immunosuppressive therapy, clinicians need to be aware of parvovirus B19 infection and associated risk for HLH. IVIG treatment can alleviate features of parvovirus B19-associated HLH without the need for more toxic or immunosuppressive therapies.
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Background: The preoperative elevated neutrophil-to-lymphocyte ratio (NLR) was reported to be associated with poorer outcomes after cancer and cardiovascular surgeries. It is unclear, however, if the predictive value is particular or if it may be applied to other types of surgery. We aimed to assess the prognostic value of preoperative NLR levels for morbidity and mortality after various surgery and determine an optimal threshold for NLR.

Methods: We conducted a cohort analysis on patients receiving surgery at Sichuan University West China Hospital between 2018 and 2020. Multivariable piecewise regression analysis were used to determine the optimal cutoff value of NLR. Subgroup analysis were performed to verify the correlation. Sensitivity analysis was used to explore the effect of different thresholds.

Results: We obtained data from 136,347 patients. The optimal cutoff of NLR was determined as 3.6 [95% CI (3.0, 4.1)] by piecewise regression method. After multivariable adjustment, preoperative high NLR remained significantly associated with increased in-hospital mortality (aOR, 2.19; 95% CI, 1.90–2.52; p < 0.001) and ICU admission after surgery (aOR, 1.69; 95% CI, 1.59–1.79; p < 0.001). Subgroup analyses confirmed the predictive value of high NLR in multiple surgical subgroups, including general, orthopedic, neurosurgical, and thoracic surgery subgroups, otorhinolaryngology, head and neck surgery, and burn plastic surgery. A NLR threshold of 3.6 gave excellent predictive value, whether employed alone or added in an extended model.

Conclusions: In conclusion, the association of elevated NLR with higher mortality and ICU admission can be extended to a wider range of procedures. NLR threshold of 3.6 could provide good prognostic value for the prognostic model.
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Introduction

The neutrophil-to-lymphocyte ratio (NLR) is a prognostic marker that reflects systemic inflammation and resulting immunosuppression (1–3). The advantage is that NLR is easily acquired from routine complete blood counts, compared to C-reactive protein and Interleukin-6. This easy and affordable test has become widely used in recent years. Zahorec (4) suggested that NLR correlates with organ dysfunction scores and clinical course in critical patients. In addition, several studies have shown that NLR has an advantage over CRP in predicting prognosis and determining the severity of diseases such as multiple sclerosis and emergency abdominal surgery. Several studies in 2021 (5–7) revealed the role of NLR in the early diagnosis and stratification of COVID-19 patients. Because of its accessibility of use, preoperative biomarker analysis has become a technique for predicting unfavorable postoperative outcomes. Like surgical intervention and postoperative pain, preoperative stress such as preoperative conditions, comorbidities, and psychological stress can also cause changes in NLR.

In cancer procedures, NLR has been proven to be an independent predictor of death and tumor recurrence (1–3, 8, 9). According to a 2015 comprehensive review (10), higher NLR was related with greater long-term mortality and morbidity following major cardiac and vascular operations. Recently, the predictive importance of postoperative NLR in a range of operations, including abdominal surgery (11, 12), orthopedic surgery (13), and bariatric surgery (14), has been revealed. However, due to the small sample population and different definitions of elevated NLR, it is difficult to reach a unified conclusion on the correlation between NLR and surgical prognosis.

In addition to the inflammatory response and immunological alterations produced by surgical intervention, NLR level (15) might reflect patients' prior physical status and comorbidities. Furthermore, the NLR has been linked to not just mortality but myocardial infarction and coronary artery disease (16–18). However, few studies have examined whether the relationship between preoperative NLR and postoperative outcomes can be extended to other types of surgery. Moreover, NLR often uses different cut-off points in various studies.

We aimd to determine whether the relationship between increased NLR and higher mortality could be extended to a wide range of surgeries. And explore the optimal threshold of NLR.



Methods


Study design and data collection

The Strengthening the Reporting of Observational Studies in Epidemiology (19) declaration is followed by this retrospective cohort study. Death certificates and medical information were used to determine in-hospital mortality. The ICU electronic information system was used to get ICU admission. The MINS was obtained by postoperative laboratory tests. Due to the sensitive nature of the data used in this study, hospital information center staff members without knowledge collected the data. Independent researchers who were blind to the outcomes compiled the baseline features into a standardized form after obtaining the raw data from the preoperative evaluation sheets. Qualified researchers with experience in human subject confidentiality agreements carried out the data analysis. All data were anonymized and de-identified for confidentiality reasons. The Sichuan University Ethics Committee granted our ethical approval (Project No. 1082 in 2021). The requirement of consent to participate was not required.

We screened all patients over 14 years old who underwent surgery in West China Hospital of Sichuan University from February 2018 to November 2020. The following patients were excluded: (1) Obstetrics, interventional, ophthalmology, and painless diagnosis and treatment procedures and operations; (2) Hospital stay < 24 h (day surgery); (3) Patients without available preoperative NLR measurement before surgery.

The sample size was determined using the Clinical Prediction Model Sample size guidelines (20). With an estimated mortality of 1%, the highest R-squared would be 0.17. The prediction model was estimated to explain 15% of the variability, hence a R-squared of 0.026 was predicted. The shrinkage was set at 2.5%. A minimum of 73,996 samples were required, equal to 814 events and 16 variables.



Procedures

The primary outcome was in-hospital mortality, with ICU hospitalization and perioperative cardiac injury as secondary events (PMI). In-hospital mortality was defined as death from any cause while in the hospital. ICU admission was defined as being in the ICU for more than 24 h, omitting patients who were in the ICU prior to surgery. PMI was defined as a 14 ng/L or greater absolute rise in peak postoperative hs-cTnT concentrations over baseline. To identify myocardial injury, physicians evaluate high-risk populations based on clinical criteria and expertise. Patients who did not have a postoperative myocardial enzyme assay were presumed to be free of acute myocardial damage.

We also generated a list of risk-adjustment variables, including patient age, sex, body mass index (BMI), 15 preoperative comorbidities, 12 preoperative laboratory tests, 4 prognostic models [ASA, CCI, RCRI, Ex-care (21)], types of surgery, and detail of anesthesia and intraoperative management. Elevated preoperative serum creatinine was defined as > 100 mmol L−1 in men and 90 mmol L−1 in women. Intraoperative blood transfusion was defined as the infusion of any blood product during surgery. Hemoglobin levels below 120 g L−1 for women and 130 g L−1 for males were considered preoperative anemia.



CBC measurements and management

Blood samples collected in EDTA-based anticoagulated tubes yielded fresh blood aliquots. For total blood cell counts and differential leukocyte counts, all blood samples were processed on a Sysmex XN-9000 (TOA Medical Electronics, Kobe, Japan). The blood sample can be tested at room temperature for up to 10 h before degrading and becoming untrustworthy. The sample can also be kept in the refrigerator at −4°C for up to 7 days. NLR was computed by dividing the absolute value of neutrophils by the number of lymphocytes.



Statistical analysis

We reported demographics, comorbidities, and perioperative management for the entire patient cohort. The Mann-Whitney test or the t-test were used to compare differences in continuous data, which were provided as mean SD or median with interquartile range. The χ2 or Fisher exact test was used to compare categorical data that were given as numbers (percentages).

Preoperative NLR concentration was first analyzed as a continuous variable. We constructed a multivariable logistic regression model based on preoperative NLR concentrations and added all available covariates. Skewness distribution variables are added into the model after logarithmic transformation. Then, lasso regression was used to filter variables and adjust the complexity of the logistic regression model to reduce overfitting. Only variables with VIF ≤ 10 were input into the model. The final screened variables were used in all subsequent multivariate analyses. We assessed multivariable logistic regression model appropriateness by receiver operating curve (ROC) and calibration curve. A spline fitting curve of the multivariable model was constructed to simulate the potential relationship between outcome and NLR, and a non-linear P-value > 0.05 was considered to have a linear relationship. We further applied piecewise linear regression model (22) to calculate the optimal threshold of NLR, and analyzed the threshold effect of NLR.

We then reported patient characteristics with different NLR levels. The elevated NLR group was defined as patients with preoperative NLR levels greater than the optimal cut-off value. Univariate odds ratio (OR) and multivariate-adjusted odds ratio (aOR) were reported for postoperative in-hospital mortality among patients with different NLR levels. Subgroup analyses were conducted in subgroups: sex, age, the American Society of Anesthesiologists Physical Status (ASA-PS), comorbidities, and surgery subspecialties. For every risk-factor subgroup, the respective variables defining the risk factor were removed from the analyses. “Extended model” was calculated by adding the preoperative NLR variable to the score of the three commonly-used clinical models including ASA, Charlson Comorbidity Index (CCI), and Surgical Outcome Risk Tool (SORT). We explored the performance differences between extended models with NLR variables with different thresholds. The discrimination of the prediction models was assessed by the area under the receiver operating characteristic curve (AUROC) (23). The reclassification power was assessed by the net reclassification improvement (NRI) between the extended model corresponding to each threshold and the model corresponding to threshold 3.6 of NLR. The model fit was assessed using the Hosmere-Lemeshow goodness-of-fit test and Akaike Information Criterion (AIC). The Brier score indicates the models' predictive accuracy.

Statistical analyses were performed with R 4.0.2 (Vienna, Austria; http://www.R-project.org/).




Results


Baseline characteristics

Supplementary Figure 1 depicts the flow of participants. This study's cohort included 136,347 patients [69,152 men (50.7%)] with a median age of 52 years (range, 40–63 years). The full cohort is detailed in Table 1. The total cohort's median NLR was 2.09 [interquartile range (IQR), 1.54–3.04]. Preoperative NLR was substantially greater in dead patients (median, 6.64; IQR, 2.88–14.01) compared to survivors (median, 2.08; IQR, 1.53–3.00).


TABLE 1 Baseline characteristics of patients.

[image: Table 1]

After simplification of lasso regression, we obtained a multivariate logistic regression model consisting of 10 variables (including age, ASA-PS score, emergency surgery, surgical subspecialty, preoperative anemia, preoperative creatinine increase, intraoperative hypotension, intraoperative transfusion, intraoperative mean heart rate, and preoperative NLR). The model's ROC, calibration curve, and decision curve were shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Receiver operating characteristic curves, calibration curve, and decision curve of the multivariate logistic regression model. (A) ROC curve. (B) Calibration curve. (C) Decision curve.


After adjusting for the factors above, a non-linear relationship between NLR and death after surgery was observed (Figure 2; P non-linear < 0.001) by a spline curve. Although the odds ratio gradually increased with the increase of NLR, the overall difference of patients with NLR < 3.6 was small. The optimal truncation point of NLR was determined as 3.6 [95% CI (3.0, 4.1)] by piecewise regression method. The risk of death increased with the logarithmic NLR level up to the turning point (NLR > 3.6) (OR 2.46, 95% CI 2.05–2.94; p < 0.001). When the NLR was ≤ 3.6, the logarithmic NLR was not associated with the risk of death (OR 1.42, 95% CI 0.88–2.32; p = 0.1) (Table 2).


[image: Figure 2]
FIGURE 2
 The spline curve of the relationship between preoperative NLR and in-hospital mortality after surgery.



TABLE 2 Baseline characteristics of patients, according to NLR level.
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The patients were divided into groups based on the ideal threshold of 3.6. The low NLR group had 111,792 patients, while the high NLR group included 24,555 patients. The two groups' baseline characteristics and preoperative laboratory testing were comparable (Table 3). However, the prognostic model scores were significantly higher in the High-NLR group. The High-NLR group had a higher proportion of emergency cases (27.0 vs. 1.7%; P < 0.001), intraoperative transfusion (11.7 vs. 2.4%; P < 0.001), and chronic comorbidities such as chronic heart failure, cardiomyopathy, hemiplegia paraplegia, and paralytic syndrome. There was no significant difference in the proportion of different surgical categories between the two groups, except that the High-NLR group had a higher proportion of neurosurgical procedures (13.1 vs. 7.5%; P < 0.001). The duration of surgery was significantly different between the two groups (low NLR: 89.0 vs. high NLR: 114 min; P < 0.001). Perioperative mortality (4.2 vs. 0.4%; P < 0.001), ICU admission (18.9 vs. 8.2%; P < 0.001), and PMI (1.9 vs. 1.0%; P < 0.001) were higher in the high NLR group. The length of hospital stay (LOS) was significantly different between the two groups (low NLR: 7.0 vs. high NLR: 9.0 days; P < 0.001).


TABLE 3 Threshold effect analysis of NLR on mortality after surgery using piecewise linear regression.

[image: Table 3]

Preoperative high NLR was significantly associated with postoperative in-hospital mortality (OR, 10.6; 95% CI, 9.52–11.9; p < 0.001), PMI (OR, 2.14; 95% CI, 1.91–2.39; p < 0.001), ICU admission after surgery (OR, 2.63; 95% CI, 2.53–2.73; p < 0.001), and LOS (OR, 2.38; 95% CI, 2.32–2.44; p < 0.001). After multivariable adjustment, preoperative high NLR remained significantly associated with increased in-hospital mortality (aOR, 2.19; 95% CI, 1.90–2.52; p < 0.001) and ICU admission after surgery (aOR, 1.69; 95% CI, 1.59–1.79; p < 0.001). Supplementary Figure 2 shows the nomogram of multivariate model with NLR as a categorical variable.



Sub-group analysis

The odds ratio remained stable but showed different effects in different subgroups (Figure 3). There was no significant difference in the correlation between NLR and death among different gender, ages, and ASA subgroups. NLR was more strongly associated with death in the high BMI subgroup (OR 3.12 vs. 2.17) and in elective surgery subgroup (OR 2.56 vs. 1.48). The association was higher in patients with ischemic heart disease, but not significantly higher in patients with hypertension or diabetes. Besides the cardiovascular surgery subgroup, the high NLR group also had a stable OR of 1.58–2.60 in the general, orthopedic, neurosurgical, and thoracic surgery subgroups. The risk of death in patients with high NLR was significantly higher in the Otorhinolaryngology, head and neck surgery (OR 6.90), and burn plastic surgery (OR 3.29). There was an increasing trend of postoperative death in the preoperative NLR group after urological surgery, but it was not statistically significant compared with the normal NLR group.


[image: Figure 3]
FIGURE 3
 Forest plot for subgroup analysis of preoperative NLR and in-hospital mortality after surgery.




Sensitivity analysis

ROC analysis showed that the optimal threshold was 3.91. High preoperative NLR (>3.91) were significantly associated with increased in-hospital mortality (aOR, 2.02; 95% Cl, 1.75–2.32; p < 0.001). In the subgroups of cardiovascular surgery and non-cardiovascular surgery, the thresholds of the piecewise regression analysis were 3.33 (95% CI, 1.74–4.92) and 3.53 (95% Cl, 3.02–4.05), respectively. When these thresholds were applied separately, mortality was significantly higher in the high-NLR group than in the low-NLR group between patients with cardiovascular surgery (aOR, 1.75; 95% Cl, 1.16–2.66; p < 0.001) and non-cardiovascular surgery (aOR, 2.45; 95% Cl, 2.11–2.85; p < 0.001). Supplementary Table 1 shows the performance statistics between the extended models with different NLR threshold. Extended models with NLR variable (threshold 3.6) provided better performance than models with NLR variable (threshold 3 or 10), including greater discrimination (higher AUROC), better reclassification ability (NLR < 0), higher prediction accuracy (lower Brier) and better model fit (lower AIC).




Discussion

In this study, we found that the preoperative NLR level was associated with postoperative mortality and morbidity in non-cardiac surgery. The optimal preoperative NLR threshold of 3.6 was determined by the piecewise regression method. Subgroup analyses confirmed the predictive value of high NLR in multiple surgical subgroups in addition to cardiovascular surgery.

This study broadens the application of NLR to predict surgical outcomes, demonstrates its role in a broader range of surgical outcomes beyond cardiovascular surgery (24–26), and validates its advantages in conjunction with commonly used clinical models. Various surgical prognostic models can try to incorporate NLR into the screening range of predictors to increase the performance of models. Moreover, the choice of NLR threshold in previous studies is different, which makes it difficult to compare or combine each study. The lack of a unified threshold makes it difficult for clinicians to evaluate NLR quickly, which also hinders the clinical use of NLR. This study included a large number of clinical samples and used the currently recognized multi-factor corrected segmented function to reach the best cut-off point of preoperative NLR, and it still showed significant advantages compared with the two thresholds previously used. Therefore, we suggest that 3.6 might be used as a unified threshold in the future application of preoperative NLR in surgical prognosis research. This study found that the subgroups of general, neurosurgery, orthopedics, and thoracic surgery could also obtain clinically significant correlations. In particular, more studies are needed to explain the mechanism of the high correlation in burns plastic surgery and Otorhinolaryngology, head and neck surgery. Our results suggest that NLR has a stronger effect in patients with chronic diseases that are not easily controlled, such as ischemic heart disease and obesity. Differences in NLR effects on chronic diseases may be due to drug-related long-term remission that changes the association. Previous studies have demonstrated the predictive value of NLR in elective and emergency patients (27, 28), respectively. In this study, subgroups of elective and emergency patients were analyzed, and the results showed that NLR had a higher prognostic correlation in elective patients. In clinical practice, NLR is a dynamic continuous variable rather than a dichotomous variable. Gibson et al. (29) examined the effect of NLR as a continuous variable in the vascular surgery literature, firstly. Although previous studies have shown that increased NLR is associated with adverse outcomes, a consistent cutoff value has not been established (10, 24–26). In order to exclude the influence of confounding factors, we chose to use a piecewise linear regression model to select the best cut-off value instead of roc threshold analysis as in former studies (24, 30).


Strength and limitation

First, we included a large number of samples and factors to demonstrate the correlation between NLR levels and surgical outcomes, and analyzed the prognostic value of NLR in patients with different types of surgery and different chronic diseases. Secondly, we used the spline function and piecewise regression method instead of univariate ROC to determine a uniform threshold of 3.6 for NLR and surgical prognosis, and the AUROC of the multivariate model could reach 92.4%. This study also has some limitations. First, there is selection bias as a result of the use of retrospective data from a single center. Second, some unadjusted variables, such as the ECG, myocardial enzyme, and the effects of surgery and perioperative treatment, may still result in residual confounding bias. Third, this study found that NLR in patients with obesity, chronic diseases, and burns and plastic surgery may have a higher correlation with prognosis, but the related mechanism needs further study. And our results can only help clinicians to identify potential chronic adverse states or determine the quality of chronic disease control, not to intervene accordingly.




Conclusion

In conclusion, the association of elevated NLR with higher mortality and ICU admission can be extended to a wider range of procedures. NLR threshold of 3.6 could provide good prognostic value for the prognostic model.
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Introduction

Preoperative inflammation affects the postoperative outcomes of patients undergoing heart valve surgery. This study aimed to explore the role and predictive effects of preoperative inflammation on the primary outcomes after valvular cardiac surgery.





Methods

This retrospective study utilized a medical recording system to screen 5075 patients who underwent heart valve surgery. Data on the C-reactive protein (CRP) levels, erythrocyte sedimentation rate (ESR), and neutrophil-to-lymphocyte ratio (NLR) before heart valve surgery were collected from the hospital’s medical system. Postoperative hepatic insufficiency, acute kidney injury, heart failure, and myocardial damage were assessed using blood indicators. Patients with and without prolonged mechanical ventilation, extended intensive care unit stays, prolonged hospital stays, and death within 30 days after surgery (considered the primary outcome in this study) were compared. Group comparisons, receiver operating characteristic (ROC) curve analyses, and logistic analyses were performed to determine the associations between preoperative inflammation and outcomes after heart valve surgery.





Results

A total of 3249 patients were included in the analysis. Significant differences in CRP level, ESR, and NLR were found between patients with and without postoperative adverse outcomes. ROC analysis showed that CRP levels >5 mg/L effectively predicted postoperative heart failure, and NLR >3.5 had a good predictive effect on all-cause mortality within 30 days after surgery. Patients with CRP levels >5 mg/L had a higher incidence of postoperative heart failure than other patients (20.7% vs. 12.6%, P<0.001), with a relative risk of 1.447 (95% confidence interval: 1.155–1.814). Patients with NLR >3.5 had a higher incidence of death within 30 days after surgery (5.3% vs. 1.2%, P<0.001), with a relative risk of 3.236 (95% confidence interval: 1.773–5.906).





Conclusion

Preoperative inflammation can affect postoperative outcomes in patients undergoing heart valve surgery. CRP level >5 mg/L and NLR >3.5 can effectively predict postoperative heart failure and death within 30 days after surgery, respectively.





Keywords: valvular cardiac surgery, inflammation, postoperative outcomes, C-reactive protein, neutrophil-to-lymphocyte ratio




1 Introduction

Inflammation is an important pathogenic factor in valvular diseases (1, 2). Surgery is one of the main treatments for valvular disease, and the number of heart valve operations is increasing (3). However, the incidence of organ function injury and related complications after surgery remains high (4). Early prediction of the risk of postoperative complications and mortality is important for the improved treatment of patients undergoing heart valve surgery. Although few studies have attempted to predict thromboembolism or neurobehavioral outcomes using preoperative blood biochemical indicators (5, 6), studies on the association between preoperative blood biochemical indicators and other postoperative complications and mortality are insufficient. A large number of studies have shown that the preoperative inflammatory state of patients undergoing cardiovascular surgery is closely related to the incidence and all-cause mortality of postoperative complications, including bleeding, deep wound infection, and mortality (7–12). Currently, the main method to assess an inflammatory state is the testing of blood biomarkers, which is easy to access and apply. C-reactive protein (CRP), neutrophil-to-lymphocyte ratio (NLR), and erythrocyte sedimentation rate (ESR) are commonly used objective inflammatory biomarkers. Previous studies have demonstrated their predictive effects on the outcomes of aneurysmal subarachnoid hemorrhage (13), cancer (14), and perioperative myocardial injury in non-cardiac surgery patients (15). However, to date, the prognostic role of these preoperative inflammatory markers in heart valve surgery under cardiopulmonary bypass (CBP) has not been synthetically investigated, highlighting a need for research on the topic.

Therefore, this study aimed to retrospectively collect preoperative and postoperative clinical data of patients undergoing heart valve surgery and to evaluate and compare the predictive ability of preoperative inflammatory states determined by CRP levels, ESR, and NLR in terms of different clinical outcomes, including organ dysfunction and 30-day mortality, in patients undergoing heart valve surgery under CBP. Additionally, this study aimed to determine the optimal predictive value for use in clinical practice.  




2 Materials and methods



2.1 Patients and ethics

This was a single-center retrospective cohort study. The study protocol was approved by the Ethics Committee of the Second Affiliated Hospital of the Army Medical University (No. 2022-457-01) on Oct 17, 2022. The study was conducted in accordance with the Declaration of Helsinki, and the confidentiality of patient data was guaranteed. Because of the study’s retrospective nature, the informed consent requirement was waived. This study included patients who underwent heart valve surgery at the Second Affiliated Hospital of Army Medical University between October 2016 and December 2020. The inclusion criteria were patients undergoing heart valve replacement or repair under CPB, including those requiring concurrent coronary artery bypass grafting, atrial/ventricular septal defect repair, or modified maze surgery (in which atria are incised and successively sutured in a maze route to relieve atrial fibrillation). Patients who were under 18 years of age, in an emergency state before surgery, underwent transcatheter valve replacement, underwent aortic surgery, or lacked data needed for laboratory tests or follow-up to assess inflammatory status were excluded.




2.2 Data collection

The patient data used in this study were collected from the electronic medical record system. The collected data included demographic information such as sex, age, height, weight, body mass index (BMI), preoperative complications, smoking and alcohol consumption, American Society of Anesthesiologists grading, New York Heart Association grading of cardiac function, and laboratory test data, including inflammation-related indicators (CRP, NLR, and ESR). All preoperative examinations and test results were collected within 3 days prior to the operation; if a patient had multiple preoperative examinations, the results from the examination closest to the operation day were included.

CRP is one of the most important acute-phase proteins and a sensitive biomarker of inflammation and tissue damage (16). ESR is a widely used laboratory indicator in clinical practice and is significantly elevated in chronic diseases characterized by tissue damage and inflammation (17). NLR is the ratio of the neutrophil count to the lymphocyte count in routine blood tests, which can comprehensively reflect the increase in neutrophils and decrease in lymphocytes in the inflammatory state (18).

Additional data included echocardiography results (e.g., presence or absence of atrial thrombus), surgery types (including single valve surgery, combined multi-valve surgery, coronary artery bypass grafting with valve surgery, and simple atrial/ventricular septal defect repair with valve surgery), etiological diagnosis (rheumatic, degenerative, congenital, and infective endocarditis) and morphological diagnosis (simple stenosis, simple insufficiency, and stenosis with insufficiency), and postoperative markers of liver and kidney function, heart failure, and myocardial infarction.




2.3 Clinical outcomes

In this study, the primary outcome was all-cause mortality at 30 days after surgery. Other clinical outcomes included invasive ventilator support time, intensive care unit (ICU) stay time, postoperative hospital stay, and impairment of postoperative organ function, including acute kidney injury (AKI) (19). AKI was defined as any of the following: increase in serum creatinine (SCr) by ≥0.3 mg/dl (≥26.5 μmol/L) within 48 h; an increase in SCr to ≥1.5 times from baseline, which is known or presumed to have occurred within the prior 7 days; and urine volume <0.5 ml/kg/h for 6 h. Hepatic insufficiency (20) was defined as bilirubin levels >50 µmol/L at any time point between postoperative day 1 and postoperative day 5. Postoperative cardiac dysfunction after cardiac surgery (21) was defined as cardiac troponin I (cTnI) level >5.4 ng/ml, and heart failure was defined as brain natriuretic peptide (BNP) level >400 pg/ml within 24 h. In addition, prolonged mechanical ventilation was defined as postoperative mechanical ventilation time > 24 h (22). Extended ICU stay was defined as a postoperative ICU stay ≥5 days (23). Prolonged hospital stay was defined as a postoperative length of stay >3 weeks (24).



    
2.4 Statistical analysis

SPSS26.0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis, with bilateral P<0.05 being considered statistically significant. Mean ± standard deviation was used to represent continuous variables of the overall distribution, median (interquartile spacing) was used to represent non-normal distribution data, and quantity (percentage) was used to represent qualitative variables. First, patients were grouped according to the occurrence of different clinical outcome variables, and differences in inflammatory indicators (CRP level, ESR, and NLR) among the different groups were compared. Because all inflammatory indicators were abnormally distributed, the Mann–Whitney U test was used for comparison. Second, the receiver operating characteristic (ROC) curve was used to explore the predictive abilities of these different inflammatory indicators in distinguishing the early postoperative outcome of patients undergoing heart valve surgery, and the optimal cut-off point was calculated based on the Youden index score. Finally, the optimal cut-off value was used to group the patients according to the level of inflammation, and univariate logistic regression was used to explore the predictive efficacy of different preoperative factors for major clinical outcomes. Factors with a significance level of P<0.05 were included in the multivariate logistic regression analysis to further verify the predictive value of the inflammation index for postoperative outcomes. The relative risk (RR) with the corresponding 95% confidence interval was calculated for different indicators.





3 Results

A total of 5075 patients who underwent heart valve surgery were identified from the medical record system. Among these patients, 972 underwent transcatheter aortic valve replacement or combined surgery on the thoracic aorta, 12 were salvaged (patients requiring cardiopulmonary resuscitation en route to the operating theatre or prior to induction of anesthesia), 23 were aged <18 years, and 819 were excluded because of missing data. Finally, 3249 patients were included in the analysis (Figure 1). The demographic and clinical data of all the included patients are presented in Table 1. For all included patients, the postoperative 30-day mortality was 1.69% (55 patients), 21.24% (690 patients) presented prolonged mechanical ventilation, 13.30% (432 patients) had an extended ICU stay, 16.13% (524 patients) had a prolonged hospital stay, 14.47% (470 patients) presented with a BNP level >400 pg/ml, 21.18% (688 patients) presented with a cTnI level >5.4 ng/ml, 23.76% (772 patients) presented with hepatic insufficiency, and 17.57% (571 patients) presented with postoperative AKI.




Figure 1 | Flow chart of the study. TAVR, transcatheter aortic valve replacement; ICU, intensive care unit; BNP, brain natriuretic peptide; cTnI, cardiac troponin I; AKI, acute kidney injury.




Table 1 | Demographic and clinical data.



Comparisons of ESR, CRP, and NLR in patients with and without postoperative hepatic insufficiency, AKI, cTnI level >5.4 ng/ml, and BNP level >400 pg/ml are shown in Figure 2. ESR was significantly higher in patients with postoperative AKI (P=0.002) and BNP level >400 pg/ml (P<0.001) than in other patients. Both CRP levels and NLR were higher in patients with postoperative AKI (P<0.001) and BNP level >400 pg/ml (P<0.001) than in other patients.




Figure 2 | Comparisons of ESR (A), CRP levels (B), and NLR (C) between patients with and without postoperative hepatic insufficiency (1), AKI (2), cTnI level >5.4 ng/ml (3), and BNP level >400 pg/ml (4). ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio; BNP, brain natriuretic peptide; cTnI, cardiac troponin I; AKI, acute kidney injury.



As shown in Figure 3, the ESR, CRP level, and NLR in patients with and without prolonged mechanical ventilation extended ICU stay, prolonged hospital stay, and death within 30 days after surgery were compared. ESR level was significantly higher in patients with an extended postoperative ICU stay (P=0.001) and death within 30 days after surgery (P=0.004) than in other patients. CRP levels in patients with prolonged mechanical ventilation (P<0.001), extended ICU stay (P<0.001), prolonged hospital stay (P<0.001), and death within 30 days after surgery (P<0.001) were significantly higher than those in other patients. Moreover, NLR levels were significantly higher in patients with prolonged mechanical ventilation (P<0.001), extended ICU stay (P=0.015), prolonged hospital stay (P=0.001), and death within 30 days (P<0.001).




Figure 3 | Comparisons of ESR (A), CRP levels (B), and NLR (C) between patients with and without prolonged mechanical ventilation (1), extended ICU stay (2), prolonged hospital stay (3), and death within 30 days after surgery (4). ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio; ICU, intensive care unit.



The results of the ROC analysis for ESR, CRP, and NLR in predicting postoperative hepatic insufficiency, AKI, cTnI level >5.4 ng/ml, and BNP level >400 pg/ml are shown in Figure 4. ESR (area under the curve [AUC]=0.542, P=0.002), CRP level (AUC=0.553, P<0.001), and NLR (AUC=0.556, P<0.001) had a significant predictive effect on postoperative AKI. In addition, ESR (AUC=0.568, P<0.001), CRP level (AUC=0.607, P<0.001), and NLR (AUC=0.584, P<0.001) significantly predicted the occurrence of postoperative BNP level >400 pg/ml. Based on the above ROC analysis, we calculated an optimal CRP cut-off value of 5 mg/L for predicting a postoperative BNP level >400 pg/ml according to the Youden Index.




Figure 4 | ROC analysis for ESR, CRP levels and NLR  for the prediction of postoperative hepatic insufficiency (A), AKI (B), cTnI level >5.4 ng/ml (C), and BNP level >400 pg/ml (D). ROC, receiver operating characteristic; AKI, acute kidney injury; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio; AUC, area under the curve.



Figure 5 shows the results of the ROC analysis of ESR, CRP, and NLR in predicting postoperative prolonged mechanical ventilation, extended ICU stay, prolonged hospital stay, and death within 30 days after surgery. CRP level (AUC=0.566, P<0.001) and NLR (AUC=0.549, P<0.001) had a significant predictive effect on prolonged mechanical ventilation. ESR (AUC=0.548, P=0.001), CRP level (AUC=0.578, P<0.001), and NLR (AUC=0.536, P=0.015) had significant predictive effects on extended ICU stay. CRP level (AUC=0.557, P<0.001) and NLR (AUC=0.545, P=0.001) had a significant predictive effect on prolonged hospital stay. In addition, ESR (AUC=0.613, P=0.004), CRP level (AUC=0.637, P<0.001), and NLR (AUC=0.654, P<0.001) had significant predictive effects on death within 30 days after surgery. Based on the above ROC analysis, we calculated an optimal NLR cut-off value of 3.5 for predicting death within 30 days after surgery, according to the Youden Index.




Figure 5 | ROC analysis for ESR, CRP levels and NLR for the prediction of prolonged mechanical ventilation (A), extended ICU stay (B), prolonged hospital stay (C), and death within 30 days after surgery (D). ROC, receiver operating characteristic; ESR, erythrocyte sedimentation rate; CRP, Creactive protein; NLR, neutrophil-to-lymphocyte ratio; ICU, intensive care unit; AUC, area under the curve.



The results of the univariate analysis for postoperative BNP level >400 pg/ml are listed in Table 2. The age group (P=0.011), BMI group (P=0.033), renal insufficiency (P<0.001), atrial thrombosis (P=0.012), NYHA class (P<0.001), etiological diagnosis of valves (P=0.002), surgical approaches (P<0.001), maze procedure (P<0.001), operative time (P<0.001), CPB time (P<0.001), aortic cross-clamp (ACC) time (P<0.001), and CRP group (P<0.001) were identified as significant risk factors for postoperative BNP level >400 pg/ml. In the multivariable logistic regression analysis (Table 3), CRP group (P=0.001) with an RR=1.447 (95% confidence interval [95% CI]: 1.155–1.814) was also identified as an independent factor for postoperative BNP level >400 pg/ml. The incidence of postoperative BNP level >400 pg/ml in patients with CRP level >5 mg/L was significantly higher than that in patients with CRP level ≤5 mg/L (20.7% vs. 12.6%, P<0.001).


Table 2 | Univariable analysis for postoperative BNP level >400 pg/ml.




Table 3 | Multivariable logistic regression analysis for postoperative BNP >400 pg/ml.



The results of the univariate analysis of deaths within 30 days after surgery are shown in Table 4. Sex (P=0.029), age group (P<0.001), BMI group (P<0.001), coronary heart disease (P<0.001), renal insufficiency (P<0.001), atrial thrombosis (P=0.006), ASA grade (P<0.001), NYHA class (P<0.001), surgical approaches (P<0.001), operative time (P<0.001), CPB time (P<0.001), ACC time (P<0.001), and NLR group (P<0.001) were identified as significant risk factors for death within 30 days after surgery. In the multivariate logistic regression analysis (Table 5), NLR group (P<0.001) with RR=3.236 (95% CI: 1.773–5.906) was also identified as an independent factor for death within 30 days after surgery. The incidence of death within 30 days after surgery in patients with NLR >3.5 was significantly higher than that of patients with NLR ≤3.5 (5.3% vs. 1.2%, P<0.001).


Table 4 | Univariable analysis for death within 30 days after surgery.




Table 5 | Multivariable logistic regression analysis for death within 30 days after surgery.






4 Discussion

Differing from most previous studies, the current study mainly focused on patients undergoing heart valve surgery and their preoperative inflammatory index. In addition, the sample size of the study is relatively large, and it synthetically included several different postoperative outcomes. The results showed significant differences in preoperative CRP levels, ESR, and NLR between patients with and without adverse postoperative outcomes. Moreover, the ROC diagnostic analysis showed that CRP (>5 mg/L) and NLR (>3.5) had significant predictive ability for early postoperative cardiac insufficiency and death within 30 days after surgery, respectively. Further multivariate logistic regression analysis revealed that CRP level >5 mg/L was an independent predictor of early postoperative cardiac insufficiency, and NLR >3.5 was an independent predictor of death within 30 days after surgery.

In the first part of the study, patients were grouped according to whether they had adverse postoperative outcomes, and differences in preoperative inflammatory markers were compared between groups. We found statistically significant differences in the preoperative CRP level, ESR, and NLR among patients with and without postoperative AKI and BNP level >400 pg/ml. There were also statistically significant differences in preoperative CRP levels and NLR between patients with and without prolonged mechanical ventilation and hospital stay. Finally, the preoperative CRP level, ESR, and NLR were significantly different among patients with and without an extended ICU stay and death within 30 days after surgery. These findings indicate that a high level of preoperative inflammation may play an important role in various postoperative organ functional injuries and clinical outcomes. A recent retrospective study showed that patients who died 1 year after heart valve surgery had significantly higher preoperative CRP levels than those who survived (4). In another study involving male patients who underwent coronary bypass surgery, an elevated ESR was associated with postoperative AKI, prolonged hospital stay, and heart failure (10). In addition, a retrospective study of cardiac surgery found that NLR ≥3.23 was associated with increased mortality 30 days after surgery, prolonged mechanical ventilation, and prolonged ICU stay (25). These previous studies suggest that preoperative inflammatory CRP level, ESR, and NLR can potentially aid clinicians in risk stratification of patients undergoing cardiovascular surgery. Based on our results, it is suggested that these preoperative indicators may also serve as predictors of poor outcomes after heart valve surgery.

As the optimized cut-off value for the prediction of different outcomes was unclear, this study chose to use ROC analysis to determine such value. In the second part of the study, we confirmed through ROC curves that CRP was a better predictor of early postoperative cardiac insufficiency outcomes (BNP level >400 pg/ml) than ESR and NLR, and we calculated an optimal CRP cut-off point of 5 mg/L. NLR was a better predictor of death within 30 days after surgery than CRP levels and ESR, and the optimal NLR cut-off point was 3.5. Multivariate logistic regression analysis adjusted for demographic data, preoperative complications, and intraoperative data showed that CRP level >5 mg/L was an independent predictor of postoperative cardiac dysfunction, and NLR >3.5 was an independent predictor of death within 30 days after surgery. In a previous prospective observational study, CRP level >3 mg/L was significantly associated with in-hospital death after coronary artery bypass grafting (26). However, the association between preoperative CRP level and early postoperative cardiac insufficiency remains unknown. Based on this study, we confirmed this association and determined a cut-off value for use as a clinical reference.

In recent years, various cardiac function parameters such as the left ventricular stroke volume index or the ejection fraction have been studied to predict postoperative mortality rates (27, 28). However, not all patients are examined for these indicators, and different hospitals may have different standards depending on the equipment and/or operator. Conversely, blood biochemical indicators are more objective, and inflammatory parameters were explored in this study. Regarding the NLR, a retrospective study of aortic valve replacement for aortic stenosis reported that NLR ≥3 was an independent predictor of short- and long-term mortality (29). However, the latter study only included 234 patients, while the present study included more than 3000 patients as well as more confounding factors in the regression model. Based on the current study, we determined NLR >3.5 as the optimal cut-off value for prediction of death within 30 days after surgery. Thus, we believe that this study’s determined significant prognostic factors and diagnostic threshold values for patients undergoing heart valve surgery will provide useful references for the clinical identification of high-risk patients and the formulation of targeted diagnosis and treatment strategies.

The results of this study should be interpreted with the following limitations in mind. First, this was a single-center retrospective cohort study, which makes it difficult to avoid the inherent limitations associated with retrospective studies. Further prospective studies are needed to verify these results in the future. Second, the results of this study are limited to patients undergoing open-heart valve surgery during CPB; whether this conclusion applies to patients undergoing other surgeries needs to be further analyzed and studied in the future. In addition, we focused on the parameter with the maximum AUC to explore its role in postoperative outcomes, and we did not present other parameters with statistical significance. Therefore, the direct effects of other parameters on different postoperative outcomes require further validation.

In summary, this retrospective study showed that the CRP level, ESR, and NLR had a certain predictive effect on postoperative adverse outcomes in patients undergoing heart valve surgery. Thus, it is recommended to administer preoperative anti-inflammatory compounds to reduce the inflammatory load and decrease the potential risk of adverse events in these patients. CRP level >5 mg/L and NLR >3.5 showed relatively high predictive power in terms of postoperative cardiac insufficiency and death within 30 days after surgery, respectively. Preoperative CRP levels and NLR deserve further consideration during preoperative evaluation, and the corresponding adverse events should be given special attention. However, prospective studies are necessary to validate the current findings in the future.
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Severe physical injuries and associated traumatic brain injury and/or hemorrhagic shock (HS) remain leading causes of death worldwide, aggravated by accompanying extensive inflammation. Retrospective clinical data indicated an association between mild hyperoxemia and improved survival and outcome. However, corresponding prospective clinical data, including long-term resuscutation, are scarce. Therefore, the present study explored the effect of mild hyperoxemia for 24 hours in a prospective randomized controlled trial in a long-term resuscitated model of combined acute subdural hematoma (ASDH) and HS. ASDH was induced by injecting 0.1 ml × kg−1 autologous blood into the subdural space and HS was triggered by passive removal of blood. After 2 hours, the animals received full resuscitation, including retransfusion of the shed blood and vasopressor support. During the first 24 hours, the animals underwent targeted hyperoxemia (PaO2 = 200 – 250 mmHg) or normoxemia (PaO2 = 80 – 120 mmHg) with a total observation period of 55 hours after the initiation of ASDH and HS. Survival, cardiocirculatory stability, and demand for vasopressor support were comparable between both groups. Likewise, humoral markers of brain injury and systemic inflammation were similar. Multimodal brain monitoring, including microdialysis and partial pressure of O2 in brain tissue, did not show significant differences either, despite a significantly better outcome regarding the modified Glasgow Coma Scale 24 hours after shock that favors hyperoxemia. In summary, the present study reports no deleterious and few beneficial effects of mild targeted hyperoxemia in a clinically relevant model of ASDH and HS with long-term resuscitation in otherwise healthy pigs. Further beneficial effects on neurological function were probably missed due to the high mortality in both experimental groups. The present study remains exploratory due to the unavailability of an a priori power calculation resulting from the lack of necessary data.
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1 Introduction

The presence or absence of traumatic brain injury (TBI) and/or hemorrhagic shock (HS) determines post-traumatic mortality and morbidity (1–3). TBI has been shown to be perhaps the most relevant cause of death in severely injured patients (4). In accordance, another retrospective analysis demonstrated that TBI is responsible for 58% and HS for 28% of fatal outcomes after severe injuries (5). Furthermore, TBI affects the long-term outcome after severe injuries (6–8). Current treatment regimens recommend avoiding cerebral hypoxemia, which is largely affected by maintaining a cerebral perfusion pressure of 60 – 70 mmHg and by preventing systemic hypoxemia (9, 10). Based on simple physiological considerations and the corresponding evidence, systemic hyperoxemia may be useful to avoid hypoxemia and related detrimental inflammation in regions with reduced availability of oxygen transport molecules (for example, due to compromised local circulation caused by decreased CPP and/or anemia due to HS) (11–14). However, hyperoxemia is associated with several negative effects such as increased generation of reactive oxygen species (ROS) and is therefore controversially discussed (15–17). Nevertheless, due to its properties as a vasoconstrictor, oxygen may ameliorate brain injury by improving cranial perfusion without reducing tissue oxygenation (15, 17).

Current concepts suggest that severe hyperoxemia (arterial blood oxygen tension (PaO2) > 300 mmHg (40 kPa)) should be avoided (15, 17, 18). However, a potential ‘sweet spot’ of mild hyperoxemia remains unknown. The retrospective data coincided with mild hyperoxemia (PaO2 > 150 and < 200 mmHg) with improved survival and outcome, respectively, within the first 24 hrs (19, 20). In accordance, mild hyperoxemia (PaO2 of 150 – 250 mmHg during the first 24 hrs of intensive care unit stay) coincided with improved functional outcome and better survival (21). In accordance, a recent meta-analysis reported that normobaric hyperoxia may improve metabolic alterations after acute brain injury (22).

Taken together, there is an imminent clinical need to improve survival and outcome after combined HS and TBI. To our knowledge, there are no long-term prospective experimental or clinical trials investigating the amount of hyperoxemia and the suitable period of hyperoxemia after TBI and/or HS. In this context, we recently demonstrated in an explorative study, that mild hyperoxemia is not deleterious, but shows a tendency toward beneficial effects in a porcine model of combined TBI and HS in pigs challenged with preexisting atherosclerosis (23).

Moreover, we had previously shown that the efficacy of therapeutic interventions in shock states depends not only on the severity of the shock (24, 25) but also on the presence or absence of underlying chronic cardiovascular comorbidity (26–29). Therefore, the present prospective randomized controlled experimental study investigated the effects of targeted moderate hyperoxemia in cardiovascular healthy swine. As in our previous investigation (23), the main outcome parameters were whether this approach (i) ameliorates brain tissue oxygenation, (ii) improves neurologic function, and (iii) is safe with respect to parameters of oxidative stress.



2 Materials and methods



2.1 Animals

Ethical approval was obtained from the local Animal Care Committee of Ulm University and the Federal Authorities (Tuebingen, Germany) for Animal Research (#1316). All experiments were carried out in full compliance with the National Institute of Health Guidelines on the Use of Laboratory Animals and the European Union ‘Directive 2010/63/EU on the protection of animals used for scientific purposes’. Fourteen adult pigs (body weight: 75 kg (73,76), age: 16 months (15; 18) of both sexes (4 females and 10 castrated males) were purchased from the Hôpital Lariboisière, Paris, France. The pigs were of the Bretoncelles-Meishan-Willebrand strain, which presents with a reduced activity of the von Willebrand factor (vWF), thus mimicking the human coagulation system (24, 25, 30, 31), in contrast to the hypercoagulatory state in domestic swine strains (32). The animals were sheltered at Oberberghof, Ulm, Germany, until further use with an acclimatization period of at least two weeks. The animals were kept at a cycle of 12/12 hrs light/darkness and were monitored at least once daily. The housing temperature was set to 21 – 22°C with a humidity of 50 – 60%.

To our knowledge, as in a related study (23) that employs pigs with preexisting coronary artery disease to acute subdural hematoma (ASDH) and HS with or without targeted hyperoxemia for 24 hrs, no available data from previous studies are available, which would allow an a priori sample size calculation. Therefore, and because retrospective clinical data and pathophysiological considerations suggest a usefulness of moderate hyperoxemia after traumatic brain injury and hemorrhage, as outlined in the introduction, sample size calculation was difficult. To address this important research gap, this exploratory study was conducted with a limited animal size (seven per group) to generate and disseminate important data on whether targeted hyperoxemia is detrimental or beneficial and to facilitate the calculation of the sample size for subsequent trials.



2.2 Anesthesia and instrumentation

Anesthesia and surgical instrumentation were identical to the procedures previously described in swine with coronary artery disease (23, 30, 31, 33). The animals had free access to water and obtained a nutritional solution (Fresubin, Fresenius Kabi, Bad Homburg, Germany) in the last 12 hrs before the experiment. Prior to instrumentation, the animals were sedated by intramuscular injection of azaperone (5 mg × kg−1 (milligram per kilogram of body weight)) and midazolam (1 – 2 mg × kg−1). Next, an intravenous catheter was established in an auricular vein. Anesthesia was induced by intravenous injection of propofol (1 – 2 mg × kg−1) and ketamine (1 mg × kg−1). Subsequently, the pigs were endotracheally intubated and mechanically ventilated (ventilator settings: tidal volume 8 ml × kg−1, respiratory rate 8 – 12 breaths per min adapted to achieve an arterial PCO2 (PaCO2) of 35 – 40 mmHg, inspiratory/expiratory (I/E) ratio of 1:1.5, fraction of inspiratory oxygen (FIO2) of 0.3, positive end-expiratory pressure (PEEP) 10 cm H2O to reduce atelectasis formation). Anesthesia was maintained by continuous infusion of propofol (10 mg × kg−1 × h−1) and remifentanil (initial bolus: 5 mg × kg−1, followed by 15 – 20 µg × kg−1 × h−1). To maintain fluid balance, a balanced electrolyte solution (10 ml × kg−1 × h−1, Jonosteril 1/1, Fresenius Kabi) was infused. During instrumentation, hydroxyethyl starch 6% 130/0.42 (Vitafusal, Serumwerk, Bernburg) was infused with a maximum dose of 30 ml × kg−1 to stabilize circulation if necessary. After surgical exposure, a 4-lumen venous catheter (7 Fr, Teleflex, Reading, USA) was placed in the right iliac vein to measure the central venous pressure, to return the shed blood, and to administer the required medication. The resulting central venous pressure should be interpreted with caution, because the tip of the catheter was located in the inferior vena cava and due to the influence of the applied PEEP. In addition, for continuous measurement of cardiac output, pulse pressure, and stroke volume variation, a 5-F PiCCO catheter (PULSION Medical Systems, Munich, Germany) was inserted into the right femoral artery. Moreover, a 10-F sheath (Super Arrow-Flex Percutaneous Sheath Introducer Set, Teleflex)  was placed in the left femoral artery for the induction of the hemorrhage shock by passive removal of blood and for blood sampling as described below. A midline minilaparotomy was performed to insert a catheter into the urinary bladder. Subsequently, the pigs were put in a prone position for the neurosurgical instrumentation consisting of a craniotomy over both parietal cortices. For the induction of ASDH later, the dura was opened and a ventricular catheter (9F, Neuromedex, Hamburg, Germany) was inserted approximately 5 mm into the subdural space. The catheter was placed alternating between each experiment in proximity to either the left or right hemisphere. Subsequently, microdialysis catheters (see below) and multimodal brain monitoring probes (Neurovent-PTO, Raumedic AG, Helmbrechts, Germany) were inserted approximately 10 – 15 mm into the parenchyma of both hemispheres. These multimodal brain monitoring probes were used for the measurement of intracranial pressure (ICP) and partial pressure of O2 in brain tissue (PbtO2). After equilibration of both catheters and stabilization of PbtO2, recording was started according to the manufacturer’s instructions. In the end, bone wax was used to close the burr holes as well as to fix the microdialysis catheter and the multimodal brain monitoring probes. Neurosurgical instrumentation of both hemispheres was conducted to eliminate the need for sham experiments (3R principles (34)), the hemisphere without ASDH was used as a control for the hemisphere with ASDH. Body temperature was assessed by a rectal probe. The animals were kept at a temperature of 37 – 38°C. After the initiation of resuscitation, the temperature was controlled to maintain brain normothermia. If the brain temperature reached ≥ 39°C, the pigs received external cooling by ice-cold water-filled bags.



2.3 Experimental approach

Figure 1A summarizes the experimental protocol, which was similar to a recently published study in pigs with preexisting cardiovascular disease (23). The protocol consisted of an instrumentation period (4 hrs), a rest period (2 hrs), a period of combined ASDH and HS (2 hrs), a resuscitation period (24 hrs) that included the intervention of either applying normoxemia (target PaO2 = 80 – 120 mmHg) or hyperoxemia (target PaO2 = 200 – 250 mmHg), and a further period of resuscitation with normoxemia (24 hrs + 7 hrs). The total experimental period after the induction of ASDH and HS was 55 hrs.




Figure 1 | (A) Experimental setup and (B) survival analysis of animals treated with normoxemia as control (C, blue) or hyperoxemia (H, red). The dotted, dashed, or filled line refers to schematic trends in intracranial pressure (ICP), cranial perfusion pressure (CPP), and mean arterial pressure (MAP), respectively. Orange indicates the phase of combined hemorrhagic shock (HS) and acute subdural hematoma (ASDH). Mantel-Cox test, n = 7 per group.



To mimic the typical clinical situation where resuscitation procedures are initiated with a certain delay after trauma and hemorrhage, the fluid infusion rate (Lactated Ringer’s solution) was reduced to 100 ml × h−1, the ventilator settings were changed to a tidal volume of 8 ml × kg−1, PEEP 0 cmH2O, I/E ratio 1:2, FIO2 0.21. To initiate ASDH, 0.1 ml × kg−1 of autologous blood was injected using an automated syringe pump for 15 min through the subdural catheter. This approach was chosen based on the rationale that in previous studies on porcine ASDH, the injection of a blood volume approximating 10% of the intracranial volume represents the threshold for supratentorial volume tolerance (35, 36). Following the induction of ASDH, HS was initiated by passive removal of blood for 30 min using the large bore arterial catheter targeting 30% of the calculated blood volume (23, 26). The removed blood was stored at 4 – 8°C in acid-citrate-dextrose solution until retransfusion. Blood removal was decelerated or interrupted as necessary to maintain cerebral perfusion pressure (CPP, difference between MAP and ICP)) ≥ 50 mmHg. This regimen was chosen to prevent irreversible brain damage based on previous experiences. After two hours of combined ASDH (15 min) and HS (105 min), resuscitation was initiated. Resuscitation included retransfusion of the shed blood within 30 min, fluid resuscitation (20 ml × kg−1 × h−1 Ionosteril, reduced to 10 ml × kg−1 × h−1 if central venous pressure > 16 mmHg) as well as by continuous i.v. noradrenaline titrated to the MAP at pre-shock levels (± 10%) and CPP at baseline levels and at least > 60 mmHg (the latter as referred to in current guidelines (9)).

Upon initiation of resuscitation, the baseline ventilator settings were set to tidal volume 8 ml × kg−1, respiratory rate 8 – 12 breaths per min to maintain PaCO2 of 35 – 40 mmHg, I/E ratio of 1:1.5, and PEEP 10 cm H2O. During the first 24 hrs of treatment, the animals were randomly assigned to either receive targeted hyperoxemia (PaO2 = 200 – 250 mmHg) or normoxemia (PaO2 = 80 – 120 mmHg). This PaO2 target window was chosen because it had coincided with a lower lethality and improved neurological outcome in patients with a severe TBI interval (21). After 24 hrs, both groups were treated with normoxemia until the end of the experiments. Following further deepening of the anesthesia, the pigs were sacrificed by injection of potassium chloride. Animals were euthanized before the end of the predetermined 55-hrs monitoring and treatment period in case of CPP < 60 mmHg despite the maximum dose of vasopressors (limited to a heart rate of 160 per min to prevent myocardial injury induced by tachycardia) or acute anuric kidney failure with consecutive hyperkalemia (blood potassium > 6 mmol × l−1) and cardiac arrhythmia.



2.4 Measurements

Sampling of most parameters was carried out 30 min before the start of ASDH and HS (baseline, referred to as ‘pre’ in figures and tables), at the end of the 2 hrs ASHD and HS period (‘post’), after 24 hrs and after 48 hrs via the arterial catheter inserted in the femoral artery. Arterial sampling was chosen to prevent potential interferences with the administration of drugs and infusions, to reduce the need for additional venous instrumentation, and to ensure rapid sampling. In addition, this sampling method can be considered to analyze the systemic levels of the analytes, which are distributed to all organs (and thus potentially affecting them) and to result in well-mixed samples affected by all organs and tissues compared to a possible sampling from the iliac vein (the latter in which analytes from the cerebral circulation would rather be metabolized or otherwise influenced, for example, in their concentration and biochemical identity).

Hemodynamics, gas exchange (calorimetric O2 uptake and CO2 production), arterial blood gas tensions, acid-base status, glucose, lactate, creatinine, neutrophil gelatinase-associated lipocalin (NGAL), 8-isoprostane, bilirubin, and troponin were determined as previously described (29, 30, 37). In brief, blood gas analysis, glucose, and lactate levels were measured using a standard blood gas analyzer (ABL 800 Flex, Radiometer GmbH, Krefeld, Germany). 8-isoprostane (#516351, Cayman Chemical, Ann Arbor, USA), and troponin (#2010-4-HSP, Life Diagnostics, West Chester, USA), tumor necrosis factor (TNF, #PTA00, R&D Systems, Minneapolis, USA), interleukin 6 (IL6, #P6000B, R&D Systems), interleukin 10 (IL10, #P1000, R&D Systems), enolase (porcine neuron specific enolase, #E07N0025, BlueGene Biotech, Shanghai, China), MAP 2 (porcine microtubule-associated protein 2, #E07M0226, BlueGene Biotech), GFAP (porcine glial fibrillary acidic protein, #E07G0157, BlueGene Biotech), and S100B (porcine S100 Calcium Binding Protein B) were determined as recommended by the manufacturer.

The neurological function was evaluated using a swine-adapted modified Glasgow Coma Scale (MGCS) as described in detail previously (31). To this end, the depth of anesthesia was reduced until appropriate spontaneous breathing was resumed at baseline as well as after 24 hrs and 48 hrs of treatment.

Intracerebral tissue metabolites (glutamate, lactate, pyruvate, and glucose) were determined using an automated microdialysis system (CMA 600 Microdialysis Analyzer, CMA/Microdialysis AB, Kista, Sweden). Microdialysis catheters (70 microdialysis bolt catheter, M Dialysis AB) were implanted bilaterally after dura perforation, lowered to a depth of 10 – 15 mm, and perfused (perfusion fluid, CMA/Microdialysis AB) by a microdialysis pump (CMA/102 microdialysis pump, CMA/Microdialysis AB). After calibration according to the manufacturer’s specifications, microdialysate samples were collected in microvials (MDialysis AB) over 2 hrs (i.e., from 1 hrs before until 1 hrs after each measurement time point) and analyzed immediately after collection. At the baseline measurement time point, an additional first hour of dialysate was collected but discarded to facilitate equilibration of the dialysis process.

Superoxide anion radical concentrations (O2·−) in arterial blood were measured as previously described (23, 38). Briefly, blood and the O2·−-specific spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH, 200 µM final concentration) solved in Krebs-Hepes-Buffer containing the metal chelators deferoxamine-methanesulfonate (DF) and diethyldithiocarbamic-acid (DETC) (all from Noxygen, Elzach, Germany) were mixed. After transfer to a glass capillary tube and incubation at 37°C, the sample was analyzed with an EMXnano ESR spectrometer (Bruker, Billerica, USA) equipped with a temperature controller (BIO-III R, Noxygen). For each sample, three scans were averaged. When the amplitude of the sample spectrum was compared with that of a standard dilution series of the stable radical 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CP·) after subtraction of the blank solution, the resulting values allowed the determination of O2·−-concentrations.



2.5 Data analysis

Survival was analyzed using a Kaplan-Meier graph followed by Log-rank (Mantel-Cox) test. Experimental data was considered to be nonparametric. The comparison of treatment and vehicle group was carried out by means of the Mann-Whitney U test. Data is graphed in boxplots with median as well as 25th and 75th percentile. Whiskers indicate upper and lower extremes, respectively. In the manuscript, the data is reported as median in conjunction with the 25th percentile and the 75th percentile. Due to the sample size and the exploratory character of the study, no general exclusion of potential outliers was performed. Single data points, which were highly suspect of being an outlier, were identified by manual screening or according to individual experimental records (for example, a defect in a measurement or sampling device). Statistical analysis was performed with GraphPad Prism9 (GraphPad Software, Inc., San Diego, California, USA).




3 Results



3.1 General group characteristics and survival

The group allocation resulted in a similar distribution with respect to the weight of the animals (normoxemia: 75 kg (72, 76) vs. hyperoxemia: 74 kg (74, 79)), side of the ASDH (normoxemia: 4 left/3 right vs. hyperoxemia: 3 left/4 right), sex (normoxemia: 4/7 male castrated vs hyperoxemia. 6/7 male castrated), and removed blood volume in percent to the total calculated blood volume to achieve HS as described above (normoxemia: 14.5% (13.0%; 22.4%) vs. hyperoxemia: 18.4% (16.7%; 24.9%).

Survival did not differ significantly between the two groups (Figure 1B, p = 0.28, Mantel-Cox test). One experiment per group had to be terminated prematurely due to kidney failure leading to hyperkalemia and subsequent arrhythmias. All other experiments that had to be ended before the total observation period of 55 hrs were terminated due to a drop in CPP as described in the methods section.



3.2 Parameters of hemodynamics, gas exchange, acid-base status, and humoral markers of inflammation and brain injury

Tables 1, 2 summarize the parameters with a focus on cardiorespiratory functions, kidney function, and complete blood count. As expected, due to the intervention, there were significant differences in PaO2 levels and PaO2/FIO2 ratio after 24 hrs. All other assessed parameters did not show significant differences. Interestingly, this also included the presence of superoxide anions in whole blood, which did not differ significantly between the normoxemia group and the hyperoxemia group during the observation period (Table 1). In addition, the noradrenaline infusion rates needed to achieve hemodynamic targets were similar (normoxemia: 0.86 µg × kg−1 × min−1 (0.58; 0.97) vs. hyperoxemia: 0.78 µg × kg−1 × min−1 (0.38; 1.24), p = 0.94, Mann-Whitney test).


Table 1 | Organ function parameters for the heart, the lungs, and the kidneys before (pre) and after 2 hrs of hemorrhagic shock and acute subdural hematoma (post) as well as 24 hrs and 48 hrs after resuscitation.




Table 2 | Glucose, lactate, pH, base excess, and complete blood count before (pre) and after 2 hrs of hemorrhagic shock and acute subdural hematoma (post) as well as 24 hrs and 48 hrs after resuscitation.



The levels of IL6, IL10, TNF, and 8-isoprostane were similar during the experiments and compared between both groups (Figure 2). Similarly, there were no significant differences in the analysis of enolase, GFAP, MAP2 and S100B between both groups (Figure 3).




Figure 2 | Inflammation parameters before (pre) and after 2 hrs of hemorrhagic shock and acute subdural hematoma (post) as well as 24 hrs and 48 hrs after resuscitation. n = 7/7 before shock, 7/7 after shock, 5/6 at 24 hrs, and 3/5 at 48 hrs per group for normoxemia (blue, control group, C) and targeted hyperoxemia (red, H), respectively. (A) Interleukin 6 (IL6), (B) interleukin 10 (IL10), (C) tumor necrosis factor, and (D) 8-isoprostane. Mann-Whitney U test. The box plots report the median, interquartile range, minimum, and maximum.






Figure 3 | Parameters of neuronal injury before (pre) and after 2 hrs of hemorrhagic shock and acute subdural hematoma (post) as well as 24 hrs and 48 hrs after resuscitation n = 7/7 before shock, 7/7 after shock, 5/6 at 24 hrs, and 3/5 at 48 hrs per group for normoxemia (blue, control group, C) and targeted hyperoxemia (red, H), respectively. (A) Enolase, (B) porcine glial fibrillary acidic protein (GFAP), (C) porcine microtubule-associated protein 2 (MAP2), and (D) porcine S100 Calcium Binding Protein B (S100b). For MAP2 before shock and Enolase 24 hrs after resuscitation in the normoxemia group and GFAP post HS and ASDH in the hyperoxemia group, the 25th percentile and the median are similar and therefore could not be graphed separately. Mann-Whitney U test. The box plots report the median, interquartile range, minimum, and maximum.





3.3 Brain monitoring and MGCS

ICP and (PbtO2) did not differ in the ipsilateral or contralateral brain hemisphere between the groups (Figure 4). Interestingly, systemic hyperoxemia, as confirmed by blood gas analysis, did not have a significant impact on PbtO2. Likewise, the analysis of glutamate, glucose, pyruvate, and lactate was comparable (Supplemental Figure 1). The MGCS values were similar at baseline and declined after 24 hrs and 48 hrs (Figure 4). For absolute and for changes in MGCS compared to the baseline, there was a significant improvement in MGCS in the hyperoxemia group after 24 hrs.




Figure 4 | Monitoring of intracranial pressure (ICP), the cerebral perfusion pressure (CCP) and the partial pressure of O2 in brain tissue (PbtO2) at the site of ASDH (ipsilateral) and the opposing hemisphere (contralateral). Measurements were recorded before (pre) and after 2 hrs of hemorrhagic shock and acute subdural hematoma (post) as well as 24 hrs and 48 hrs after resuscitation n = 7/7 before shock, 7/7 after shock, 5/6 at 24 hrs, and 3/5 at 48 hrs per group for normoxemia (blue, control group, C) and targeted hyperoxemia (red, H), respectively. (A) ICP ipsilateral, (B) ICP contralateral, (C) CCP ipsilateral, (D) CCP contralateral, (E) PbtO2 ipsilateral, (F) PbtO2 contralateral, (G) modified Glasgow Coma Scale (MGCS), and (H) the difference of the MGCS in comparison to before shock. The dotted lines indicate the minimal and maximal possible values as for MGCS. Mann-Whitney U test. * = p < 0.05, ** = p < 0.01. n.d. = not determined. The box plots report the median, interquartile range, minimum, and maximum.






4 Discussion

The main result of the present study was that in a long-term resuscitated model of combined ASDH and HS that mild hyperoxemia did not show deleterious effects but a weak trend towards beneficial effects regarding survival. Further major findings include no increased generation of systemic ROS as well as an improved MGCS 24 hrs after shock.

The findings are consistent with previous retrospective studies that indicate beneficial effects of mild hyperoxemia in the first 24 hrs after the incident in patients with severe injuries and/or TBI (19–21). Hyperoxemia might exert in principal positive and negative effects (15, 39). The total arterial oxygen content is mainly determined by the amount of oxygen bound to hemoglobin and to a small extent only to the proportion of oxygen, which is physically dissolved [see Figure 4 (39)]. Therefore, increasing the partial oxygen PaO2 has only little impact on the total arterial oxygen content. However, according to Fick’s law, the PaO2 represents the upstream oxygen partial pressure of the diffusion gradient determining the diffusion distance of oxygen within the tissues [see Figure 1B (40)]. Although it is tempting to speculate that even these small increases in arterial oxygen content might slightly improve local oxygen supply (Letzte Wiese/Last meadow concept) (41), these effects are difficult to measure in terms of tissue oxygenation, but might contribute to the observed improved neurological outcome. However, hyperoxemia has a multitude of systemic effects, including pulmonic vasodilation and thereby reduction of right ventricular load, but otherwise systemic and cerebral vasoconstriction, which in turn might ameliorate cerebral perfusion and relieve intracranial pressure (11, 12, 14, 39). Furthermore, hyperoxemia might induce several changes in metabolism. For example, this might affect the respiratory quotient (42) indicating enhanced carbohydrate metabolism. This effect has been observed during resuscitated fecal peritonits-induced porcine septic shock (43) and is likely associated with more ATP production per mole of oxygen used (44), i.e., improved yield of cellular energy metabolism (45). The consequences of these systemic effects in the setting of ASDH and HS in dependence of hyperoxemia warrant further investigation. It is noteworthy that, albeit not significantly different, the two survival curves split shortly after the end of the hyperoxemia period. On the one hand, the present study reports, in contrast to our previous study in pigs with atherosclerosis (23), no effect on PbtO2 during mild hyperoxemia. Of note, atherosclerosis is associated with chronic inflammation, increased oxidative stress, and decreased cerebral blood flow (46, 47). On the other hand, this finding is consistent with a study by Hawryluk et al. (48) and might be explained by the positioning of the PbtO2 probes. In agreement with our previous work (23), transient targeted hyperoxemia affected neither the concentration of superoxide anion (a marker of ROS formation) nor isoprostane (a marker of lipid peroxidation). In this regard, previous experimental and clinical data yielded ambiguous results on oxidative stress after TBI, including increased (49), unchanged (50, 51), or decreased (52) markers of radical damage.

This study has several strengths and limitations. An a priori power analysis was impossible to calculate (e.g., the sample size regarding outcomes such as survival and MGCS) due to the lack of available data. Moreover, a potential beneficial impact of mild hyperoxemia on MGCS might have been missed due to the lower survival in the normoxemia group. Additionally, the MGCS was not blinded, thereby not certainly excluding a potential bias. However, the significantly improved MGCS is supported by several other trends such as decreased ICP and potential improved survival. Nevertheless, this study generated important data for future trial designs. In addition, several interesting observations were observed, e.g., decreased platelet count after 24 hrs in the hyperoxemia group (Table 2), which, however, did not reach statistical significance. These findings, which are in accordance to platelet trapping observed in a murine model of hyperoxia (53), are currently difficult to interpret due to the exploratory nature of this study, but provide a rationale for further exploration in a follow-up study. In this context, it is noteworthy that the survival curve split after approximately 24 hrs but several parameters realigned after 48 hrs. Although this circumstance should not be overinterpreted, one might speculate that during hyperoxemia, animals appear to be less affected by previous HS and ASDH.

This clinically relevant model of combined HS and ASDH with delayed and long-term resuscitation did not find strong detrimental effects of mild hyperoxemia and therefore corroborates existing retrospective clinical data (19–21). In this context, it should be noted that the present study induced brain injury by acute subdural hematoma, which mimics a detrimental mass effect but not axonal injury, for example, due to direct kinetic impact. Although this approach facilitates standardization, the present data set should be analyzed with regard to the impact of mass effects due to traumatic brain injury but provide limited insights to other components of traumatic brain injury, such as axonal injury. Last, due to ethical and technical reasons, the long-term outcome, for example, 6 months after the insult, could not have been assessed.



5 Conclusion

In this exploratory study using a model with cardiovascular healthy pigs, targeted hyperoxemia following ASDH and HS significantly improved MGCS while not significantly affecting survival. Targeted hyperoxemia had no significant beneficial nor deleterious effects. More studies with larger case numbers need to confirm the findings of the present study to address the unmet clinical need to improve the treatment of patients with TBI.
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Introduction

Accurate and accessible predictors of chronic postsurgical pain (CPSP) to identify high-risk postsurgical patients are prerequisite for preventive and interventional strategies. We investigated the incidence and risk factors of CPSP after abdominal surgery, with a focus on plasma immunological markers.





Materials and methods

This was a retrospective analysis of patients who underwent abdominal surgery under general anesthesia at a tertiary center between January 2021 and January 2022. The preoperative demographics, laboratory test data, and surgical factors of the participants were collected from the electronic medical record system. Postoperative pain intensity and living conditions at 1 year after discharge from the hospital were assessed via a phone survey. Univariate and multivariate analyses were used to explore independent risk factors associated with CPSP.





Results

A total of 968 patients were included, and 13.53% (n = 131 of 968) of patients reported CPSP 1 year after surgery. Patients with older age, open surgery, higher American Association of Anesthesiologists classification, patient-controlled intravenous analgesia application, longer surgery duration, higher postoperative absolute neutrophil count, and neutrophil-lymphocyte ratio (NLR), lower postoperative absolute lymphocyte count, and higher white blood cell count, were more likely to suffer from CPSP. A changed ratio of NLR (postoperative to preoperative) ≥ 5 significantly correlated with CPSP, moderate to severe pain, maximum numeric rating score since discharge from the hospital, and affected quality of life.





Discussion

The changed ratio of NLR could be used for the early identification of patients at risk for CPSP and affect the quality of life to alert the clinician to undertake further assessment.





Keywords: chronic postsurgical pain, inflammation, neutrophil, lymphocyte, NLR, risk factor




1 Introduction

Chronic postsurgical pain (CPSP) is defined as chronic pain that develops or increases in intensity after a surgical procedure and persists beyond the healing process after surgery, excluding other known causes (1). It occurs in up to 85% of patients with amputation, 30–50% after breast surgery, and approximately 10% after inguinal hernia repairs (2), which means that more than 32 million additional people globally suffer from long-lasting pain every year (3). Owing to discomfort, distress, disability, increased medical burden, and opioid abuse, CPSP has become a major public health problem (4–6). It is anticipated that identifying the potential early predictive factors of CPSP would be helpful for understanding and exploring the underlying mechanisms and developing better therapeutic strategies.

The causes of CPSP are not fully known; however, several risk factors, including patient- and treatment-related factors, have been established. The main predictive patient-related risk factors including demographic factors (younger adults, female sex, single or living alone, and smoking), medical factors (more medical comorbidities, higher body mass index (BMI), with or with greater presurgical pain), and psychosocial factors (higher levels of presurgical anxiety, depression, and pain catastrophizing). Among treatment-related risk factors, longer duration of surgery, higher surgical risk of nerve damage, more surgical complications, and poorly controlled acute postoperative pain have been suggested as important risk factors (4, 7–15). These risk factors are interrelated and contribute to the development and maintenance of CPSP (16). Accurate prediction of CPSP is a pressing prerequisite for CPSP prevention and intervention. Some studies have proposed predictive models for CPSP (5, 13, 17–20), but too many variables and their subjective nature make them less operable in practice.

Inflammation plays an important role in acute pain (21), but it has been less studied in chronic pain. Ongoing inflammation plays an important role in mediating the transition from acute postoperative pain to chronic pain (22). The pain- and inflammation-induced release of pro-cytokines and chemokines is responsible for peripheral and central sensitization, which are important mechanisms of CPSP (12). The direct effect of perioperative changes in inflammatory status on the development of postoperative chronic pain remains unclear and needs to be elucidated. Thus, it has been hypothesized that increased inflammatory factors and indicators of the preoperative inflammatory response may contribute to CPSP.

This ambispective observational cohort study aimed to retrospectively analyze a comprehensive list of risk factors for CPSP in patients who have undergone abdominal surgery in the last few years at a tertiary center. To generate a basis for preventive and treatment strategies, the focus was on known preoperative patient status, plasma immunological indicators, treatment characteristics, and how CPSP was predicted.




2 Materials and methods



2.1 Study population

We conducted an ambispective observational cohort study of patients undergoing abdominal surgery treated at the Second Affiliated Hospital of Chongqing Medical University in the Republic of China between January 2021 and January 2022. Patients who met the following inclusion criteria were enrolled: patients who underwent elective abdominal endoscopic or open surgery under general anesthesia; American Society of Anesthesiologists (ASA) physical status II–III; and between 18 and 70 years of age. Patients were excluded if they met any of the following criteria: death at the time of follow-up, inability to communicate, state of emergency before surgery, and lack of data needed for laboratory tests or follow-up to assess inflammatory status.

This study was approved by the Medical Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University (Approval Document No.2023-18-1). The study was conducted in accordance with the Declaration of Helsinki, and the confidentiality of patient data was guaranteed. Because the study was based on retrospective data and telephone follow-ups, oral informed consent was obtained. Unidentified data supporting the conclusion of this article can be acquired on reasonable request without any reservation through email to the corresponding author.




2.2 Data collection

Patient data for this study were collected from an electronic medical record system. The collected data included demographics such as sex, age, height, weight, BMI, ASA grading, and laboratory test data, including inflammation-related indicators such as white blood cell (WBC) count, absolute neutrophil count (ANC), absolute lymphocyte count (ALC), and neutrophil-to-lymphocyte ratio (NLR). In this study, all preoperative examinations and test results were collected within three days prior to the operation, and those with multiple preoperative examinations were included in the results on the nearest operation day. All postoperative plasma inflammatory blood cell parameters were collected within one day of the operation.

WBC count, ANC, and ALC are widely known to reflect immune function and inflammatory state in the body (23, 24). The NLR is the ratio of the neutrophil count to the lymphocyte count in routine blood tests, which can comprehensively reflect the increase in neutrophils and decrease in lymphocytopenia in the inflammatory state (25). Other data included the surgical approach, including endoscopic and open surgery, type of surgery including gastrointestinal, hepatobiliary, or gynecological surgery, transversus abdominis plane block (TAP) type including unilateral and bilateral, whether additional analgesia was needed, whether patient-controlled intravenous analgesia (PCIA) was used, maximum incisional numeric rating scale (NRS) score at 24 hours postoperation, and surgery duration.




2.3 Outcome measures

The primary outcome of interest was CPSP, defined as pain complain or NRS score higher than 0 since three months post-operation at the point of telephone interview (11–13 months after surgery).

Secondary outcomes included the maximum NRS score after hospital discharge, moderate to severe pain (pain with an NRS score of 4 or higher), and whether CPSP affected sleeping, daily life, or work.




2.4 Statistical analysis

All normally distributed continuous data were summarized as the mean (standard deviation), non-normally distributed continuous data were presented as median (25th–75th percentile), and quantity (percentage) was used to represent qualitative variables. A paired sample t-test was used to compare groups of normally distributed data, and the Wilcoxon rank-sum test was used for non-normally distributed data. The Chi-square test was used for comparison between groups, and Fisher’s exact probability method was used when the theoretical frequency was less than five. Repeated measures ANOVA or Friedman’s test was used to compare the changes in more than two levels. Bonferroni correction was used to adjust the P values for multiple comparisons. All statistical analyses were performed using SPSS software (IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp.). A P value less than 0.05 was considered statistically significant.

First, patients were grouped according to the occurrence of CPSP, and then different groups were compared. Because all inflammatory indicators were abnormally distributed, the Mann–Whitney U test was used for comparison. Second, the receiver operating characteristic curve was used to explore the predictive abilities of these different inflammatory indicators in distinguishing the early postoperative outcomes of patients undergoing abdominal surgery, and the optimal cutoff point was calculated based on the Youden index score. Finally, the optimal cutoff value was used to group the patients according to the level of inflammation, and univariate logistic regression was used to explore the predictive efficacy of different preoperative factors for major clinical outcomes. Factors with P < 0.05 were included in the multivariate logistic regression to further verify the predictive efficacy of the inflammation index for postoperative outcomes.





3 Results



3.1 Baseline characteristics of subjects

This study included 1,006 patients. Fifteen patients died at the time of follow-up, 16 were out of touch, 7 refused to participate; therefore, 968 eligible cases were included in the statistical analysis. Among these 968 patients, 630 received PCIA and 596 received bilateral TAP (BTAP). A total of 223 gastrointestinal surgeries, 395 hepatobiliary surgeries, and 350 gynecological surgeries were performed (Figure 1). The incidence of CPSP was 13.53% (n = 131 of 968). The mean age of the total cohort was 48 years, and 71.1% of the patients were female. Endoscopic surgery was performed in 90% of the patients, with an average surgery duration of 134.57 min. BTAP was performed in 61.6% of the patients, while the remaining 38.4% underwent unilateral TAP. PCIA was administered to 65.1% of the patients. The maximum incisional NRS score at 24 h was 3.43, and 30.8% of patients required additional analgesia. The demographic and baseline data of all subjects are shown in Table 1.




Figure 1 | Flow diagram representing patient enrollment. PCIA indicates Patient Controlled Intravenous Analgesia; BTAP indicates bilateral transversus abdominis plane block.




Table 1 | Participants’ characteristics.






3.2 Plasma inflammatory blood cell parameters are strongly associated with a high risk of CPSP

The sociodemographic and medical history of the subjects compared with or without CPSP are presented in Table 2. The results of the univariate analysis showed that patients in the CPSP and non-CPSP groups did not differ strikingly in sex, height, weight, BMI, maximum incisional NRS score at 24 h, whether additional analgesia was needed, nerve block type, type of surgery, Preoperative WBC count, Preoperative ANC, Preoperative ALC, Preoperative NLR, or Postoperative WBC count. The factors associated with CPSP included older age (P = 0.008), open surgery (P = 0.032), no PCIA application (P = 0.021), longer surgery duration (P < 0.001), higher postoperative ANC (P = 0.044), higher postoperative ALC (P = 0.010), and higher postoperative NLR (P = 0.004). Further analysis of the changed ratio showed that a higher changed ratio of WBC count, ANC, and NLR significantly correlated with CPSP (Figure 2).


Table 2 | Main characteristics of patients with or without CPSP after surgery.






Figure 2 | Univariate analysis of correlation between plasma inflammatory blood cell parameters and CPSP. The preoperative, postoperative and change ratio of white blood cell count (A), absolute neutrophil count (B), and neutrophil-lymphocyte ratio (NLR) (C) were compared. Error bars indicate 95% CIs.



Based on statistical significance or possible clinical implications, variables with P < 0.2 in the univariate analysis were included in the multivariate logistic regression model. As shown in Table 3, three risk factors were identified for CPSP: surgery duration (OR 1.004, 95% CI, 1.002–1.006; P < 0.001), preoperative ANC (OR 1.053, 95% CI 1.002–1.107, P = 0.044), and changed ratio of NLR (OR 1.068, 95% CI 1.016–1.124, P = 0.011) (Table 3). Within both the univariate and multivariate models, the variable of changed NLR ratio had a significant positive correlation with CPSP. As expected, patients with a longer surgery duration were more likely to develop CPSP.


Table 3 | Multivariate model for CPSP.






3.3 Sensitivity and subgroup analyses of changes in NLR cutoff at 5 for risk stratification

The predictive model for CPSP yielded an area under the receiver operating characteristic curve of 0.585 (Figure 3), and the model showed good calibration with P = 0.002.




Figure 3 | ROC analyses of preoperative absolute neutrophil count (ANC) (A) and changed ratio of neutrophil-lymphocyte ratio (NLR) (B).



Patients were divided into the changed ratio of NLR ≥ 5 and changed ratio of NLR < 5 groups according to the cutoff value at 5. A higher prevalence of CPSP (P < 0.001), moderate to severe pain (P = 0.009), maximum NRS score after hospital discharge (P < 0.001), and overall impact on sleeping, daily life, or work (P = 0.030) were associated with a changed ratio of NLR ≥ 5 (Table 4). In subgroup analyses, changes in NLR ≥ 5 were associated with CPSP in both patients receiving PCIA (RR = 2.17, P = 0.002) and patients not receiving PCIA (RR = 2.69, P = 0.006); both patients receiving BTAP (RR = 1.93, P = 0.042) and patients not receiving BTAP (RR = 2.49, P < 0.001); and all gastrointestinal surgery (RR = 2.34, P = 0.033), hepatobiliary surgery (RR = 1.95, P = 0.025), and gynecological surgery (RR = 4.37, P = 0.002) (Figure 4).


Table 4 | The extent of CPSP and its impact on life of patients with changed ratio of NLR ≥5 or <5 in the perioperative period.






Figure 4 | Subgroup analyses of changed ratio of NLR cutoff at 5 for risk stratification. Patients were divided into change ratio of NLR≥5 and change ratio of NLR <5 groups in the subgroup analyses of patient-controlled intravenous analgesia (PCIA) application (A), bilateral transversus abdominis plane (BTAP) block (B), and three different surgery types (C).







4 Discussion

In the present study, we investigated the incidence of CPSP at the time after abdominal surgery (11–13 months postoperatively) in 968 patients (13.53%). Furthermore, our study showed that patients with CPSP were older and had a higher ASA grade, longer surgery duration, and higher postoperative plasma inflammatory blood cell parameters (ANC, ALC, and NLR). Open surgery and PCIA were found to be significant independent risk factors for chronic pain development after abdominal surgery. The results of the multivariate logistic regression analysis showed that longer surgery duration, higher preoperative ANC, and higher changed ratio of NLR were risk factors for CPSP. A model for the prediction of CPSP within 24 h after surgery was developed. The transition of acute pain into CPSP could be predicted 24 h after surgery by the model, including surgery duration, preoperative ANC, and the changed ratio of NLR. The most reliable predictive indicator was whether a changed ratio of NLR ≥ 5 is recommended for clinical practice.

Previously published data indicated that the incidence of CPSP after abdominal surgery was 17–40%, which may be attributed to the lack of standardized criteria to classify subjects with CPSP, variation in follow-up periods, diverse surgical procedures, and diagnostic tools to assess CPSP (20, 26–30). In the present study, the prevalence of CPSP after gastrointestinal, hepatobiliary, and gynecological surgeries was 14.35%, 13.42%, and 13.14%, respectively, which is lower than the range previously reported. Possible reasons could be the different interview times for CPSP after abdominal surgery; 11–13 months in this study vs. 4–18 months in other studies (20, 26), different surgical approaches including endoscope and open surgery in this study vs. only open in some reported studies (30), and different postoperative pain management including unilateral or bilateral TAP, with or without PCIA, and additional analgesia in this study vs. no epidural analgesia in some other studies (26).

This study suggests that the changed ratio of NLR can be a potential predictive biomarker for CPSP and quality of life. Postoperative plasma levels of inflammatory cytokines (IL-10, IL-1β, vascular endothelial growth factor, and IL12/IL23p40) were found to be significantly different in patients who developed persistent postoperative pain (31). Compared to plasma inflammatory cytokines, immune cell indicators are more commonly used and readily available in the clinical perioperative period, as surgical patients require routine preoperative and postoperative blood counts. Our study indicated that a higher postoperative ANC, lower postoperative ALC, and higher postoperative NLR were associated with a high incidence of CPSP. Further analysis revealed that the changed WBC ratio, ANC, and NLR significantly correlated with CPSP, and a changed NLR ratio greater than 5 was a good predictor of CPSP in different procedure types, whether the patient received PCIA or unilateral or bilateral TAP. Whether CPSP affects the quality of life is an important indicator of pain intensity and the benefits of intervention assessment (32). Our data suggest that the changed NLR ratio can be a good predictor of CPSP and its impact on quality of life. This indicates good clinical and social significance.

As a reliable and readily available marker of immune response to various infectious and non-infectious stimuli, NLR is widely used across various medical disciplines, such as cancer, atherosclerosis, infection, inflammation, psychiatric disorders, and stress (25, 33–37). Some studies have also investigated the association between NLR and acute postoperative pain (38, 39), but few studies have addressed the role of NLR in CPSP. Neutrophils are among the first-line defenses in inflammatory states, and reactive oxygen species, myeloperoxidase, and proteolytic enzymes are released to destroy pathogens or damaged cells when neutrophils are activated (40). Lymphocytes are also involved in the regulation of the inflammatory response. The number of lymphocytes decreases during acute stress periods, such as surgery, but a long-term decrease in lymphocyte numbers may lead to poor clinical outcomes (41). The NLR is an integrated marker of two inflammatory components and can, therefore, effectively convey the balance between neutrophils and lymphocytes in complex inflammatory activities (42). Therefore, the changed NLR ratio can remarkably reflect the difference in preoperative and postoperative immune status, which was associated with the incidence of CPSP in our study. Some meta-analyses have shown that treatment with nonsteroidal anti-inflammatory drugs can significantly reduce the prevalence of CPSP (43), which is in line with our findings. The mechanisms underlying the effects of this change in perioperative inflammatory status on CPSP remain to be explored. Since the degree and duration of acute postoperative pain are independent risk factors for CPSP (4), the altered perioperative inflammatory status may influence CPSP by affecting acute postoperative pain. NRL is also associated with perioperative stress status (37), whereas perioperative stress is an independent risk factor for CPSP (44); therefore, NRL may interact with stress and affect CPSP. However, further studies are required to explore the underlying mechanisms involved.

Age, sex, and BMI are controversial risk factors for CPSP. Younger age, female sex, and higher BMI are usually considered to be associated with an increased risk of developing CPSP (4, 45–48), but some studies have reached different conclusions (10, 49–51). However, female sex and higher BMI were not independent risk factors for CPSP, and CPSP was more apparent in older age in this study. Our univariate analysis confirmed the results of previous studies that open surgery, higher ASA score, and longer surgery duration are risk factors for CPSP (4, 46).

The limitations of this study need to be addressed as follows: this study was exclusively based on patients receiving surgery at one university-affiliated hospital; the possibility of findings in other hospitals was not assessed; the prediction model was validated in the subgroup analysis of this two-way cohort, but has not been validated in other independent datasets; the type of surgery only included abdominal surgeries such as gastrointestinal, hepatobiliary, and gynecological surgery; other surgeries may have come to different results; the follow-up data came from telephone interviews, so the reliability of this study is strictly dependent on the memory of the patients; out-of-hospital analgesic treatment after hospital discharge was not investigated due to the possibility of high heterogeneity of outcomes; and whether the CPSP was a continuation of already existing preoperative pain was not ruled out.

In summary, this study showed that 13.53% of patients who underwent abdominal surgery developed CPSP. Older age, higher ASA grade, longer duration of surgery, open surgery, PCIA application, and higher postoperative plasma inflammatory blood cell parameters (ANC, ALC, and NLR) could be associated with CPSP. The changed ratio of NLR could be used for the early identification of patients at risk for CPSP to alert clinicians to undertake further assessment.
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Background

To identify differentially expressed lipid metabolism-related genes (DE-LMRGs) responsible for immune dysfunction in sepsis.





Methods

The lipid metabolism-related hub genes were screened using machine learning algorithms, and the immune cell infiltration of these hub genes were assessed by CIBERSORT and Single-sample GSEA. Next, the immune function of these hub genes at the single-cell level were validated by comparing multiregional immune landscapes between septic patients (SP) and healthy control (HC). Then, the support vector machine-recursive feature elimination (SVM-RFE) algorithm was conducted to compare the significantly altered metabolites critical to hub genes between SP and HC. Furthermore, the role of the key hub gene was verified in sepsis rats and LPS-induced cardiomyocytes, respectively.





Results

A total of 508 DE-LMRGs were identified between SP and HC, and 5 hub genes relevant to lipid metabolism (MAPK14, EPHX2, BMX, FCER1A, and PAFAH2) were screened. Then, we found an immunosuppressive microenvironment in sepsis. The role of hub genes in immune cells was further confirmed by the single-cell RNA landscape. Moreover, significantly altered metabolites were mainly enriched in lipid metabolism-related signaling pathways and were associated with MAPK14. Finally, inhibiting MAPK14 decreased the levels of inflammatory cytokines and improved the survival and myocardial injury of sepsis.





Conclusion

The lipid metabolism-related hub genes may have great potential in prognosis prediction and precise treatment for sepsis patients.
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Introduction

Sepsis can advance to fatal organ failure which is caused by uncontrolled immune response to infection and associated with high morbidity and mortality (1, 2), despite evolving concepts and developments in multi-disciplinary approaches (3). Early diagnosis in order to early intervention before organ dysfunction is critical to improving survival rate of sepsis (4). Due to their poor sensitivity and specificity in assessing the substantial disease heterogeneity, the existing biological markers cannot be used for sepsis prognosis prediction (5–8). Therefore, further studies are required to investigate the pathogenesis of sepsis and identify more sensitive and specific therapeutic targets.

Metabolic and immune reactions often occur in the early stage of sepsis without intense histologic changes, and can reflect the severity of later organ failure (9–11). Lipid metabolic changes and the activation of lipid-related pathways are important features underlying the pathophysiology of sepsis (12). However, the underlying metabolites and their association with lipid metabolism-related genes in septic patients remain unidentified. A better understanding of the alterations in lipid metabolism and immune cell infiltration could contribute to identifying more potential therapeutic targets to modulate lipid metabolism during sepsis pharmacologically. In recent years, the application of machine learning has received widespread attention and recognition due to its ability to promote personalized medicine and assist computer-aided diagnosis (13). Besides, the emerging ‘Omic’ technologies can provided more comprehensive knowledge about the whole picture of immune cell profiles in sepsis (14, 15). Metabolomics, which integrate genomics, transcriptomics, and proteomics based on the omics technology, exhibit huge advantages in exploring biology (16, 17). Thus, we used machine learning algorithms for screening lipid metabolism-related hub genes, and characterized them with metabolomic profiling (18).

The activation of immune cells in reaction to the pathogens accountable for the onset of sepsis is regulated by immunometabolism, which is the metabolic stage of the immune cells. An alteration in the immunometabolism can trigger the disturbance of immune response during sepsis (19). To explore the molecular mechanisms underlying sepsis, previous studies mainly characterized changes in gene expression profiles and relevant cellular pathways (20, 21). Although sufficient information has been obtained for analysis, studies that sequence pooled populations of immune cells, rather than each individual cell, enlarge the cellular heterogeneity and probably confound the interpretation of the immune response. Thanks to the technological advances, gene expression analysis can be performed at a higher resolution, and single-cell RNA sequencing enables the determination of the precise gene expression patterns at the single-cell level (22). However, changes in transcriptional states of immune cell-type specific signatures during sepsis are miscellaneous and largely unknown. Thus, we characterized the spectrum of immune cell states of sepsis patients by single-cell-resolved gene expression profiling.

In the present study, we identified novel lipid metabolism-related hub genes in sepsis via machine learning algorithms, and investigated the roles of these hub genes in immune cell infiltration features by single-cell RNA-seq analysis. Metabolomics was used to determine the most relevant metabolites with these hub genes. We aimed to discover the possible treatment intervention for sepsis.





Materials and methods




Reagents

SB203580 (Cat. HY-10256) was purchased from MedChemExpress (Monmouth, NJ, America). Lipopolysaccharide was purchased from Sigma (Cat. L4130, St. Louis, MO, America). Antibodies for MAPK14 (Cat. 8690S) and β-actin (Cat. 4970S) were purchased from Cell Signaling Technology (Danvers, Massachusetts, America). Cell counting kit-8 (Cat. C0038) was purchased from Beyotime Biotechnology (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) detection kit of pro-inflammatory cytokines TNF-α (E-EL-R2856c), interleukin (IL)-6 (E-EL-R0015c), and IL-1β (E-EL-R0012c) were purchased from Elabscience (Wuhan, China). In situ cell death detection kit (Cat. 11684795910) was purchased from Roche (Huntsville, German).





Study design and population recruitment

A total of 30 sepsis patients diagnosed according to the Sepsis-3 criteria were recruited from Daping Hospital, along with 15 age-matched healthy volunteers (the inclusion and exclusion criteria for sepsis patients are presented in Supplementary Table 1). The study received approval from the Ethics Committee and was registered with the Chinese Clinical Trial Registry (ChiCTR2200055772). The healthy controls did not take any medications and had no comorbidities. All participants were admitted between December 2021 and April 2022 and provided written informed consent prior to inclusion in the study. Blood samples were collected from all participants within 24 hours of admission or enrollment, and the serum was subsequently isolated and stored at −80°C for further analysis.





Dataset collection

The mRNA matrix for this study was obtained from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/). Three datasets were collected for subsequent analysis, including GSE65682, GSE95233, and GSE54514. GSE65682, which contains 760 sepsis patients and 42 healthy controls, was used as the training cohort for machine learning. GSE95233 (consisting of 51 sepsis patients and 22 healthy controls) and GSE54514 (comprising 35 sepsis patients and 18 healthy controls) were merged as a validation cohort to verify the mRNA expression and diagnostic performance of hub genes. Lipid metabolism-related genes (LMRGs) were obtained from the KEGG, Reactome, and Uniprot databases by searching for the term “lipid metabolism,” resulting in a total of 1079 LMRGs for investigation. The analysis of differentially expressed LMRGs between sepsis patients (SP) and healthy controls (HC) was conducted using the “limma” R package, with a threshold set at a P-value < 0.05.





Sepsis model establishment

Animal experiments in this study were conducted in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. Adult Sprague-Dawley rats weighing 200-220g (n=192) were bred in the animal facility and provided with ad libitum food and water. The rats were randomly divided into three groups: the control group, the sepsis group, and the SB203580-treated sepsis group. To establish a sepsis model, cecal ligation and puncture (CLP) were performed as previously described (23). SB203580 (500 μg/kg) was administered via the tail vein 30 minutes prior to sepsis induction, while the sepsis group received an equal volume of ddH2O in the same manner. Myocardial tissues and peripheral blood were collected 12 hours after CLP.





Gene co-expression networks of DE-LMRGs

To screen co-expression networks of differentially expressed lipid metabolism-related genes (DE-LMRGs) in sepsis, the weighted gene co-expression network analysis (WGCNA) algorithm implemented in the R package was employed. The appropriate power index of β was selected using the criterion of scale-free topology with an R2 cutoff of 0.85. The adjacency matrix was then transformed into a topological overlap matrix, and average linkage hierarchical clustering was applied to classify all DEGs with similar expression profiles into different modules. The most central genes in these modules were further identified as hub genes.





Identification of DE-LMRGs via LASSO and random forest algorithm

To identify diagnostic feature biomarkers, this study applied multiple machine learning algorithms. First, LASSO logistic regression was performed with ten-fold cross-validation to screen candidate iteratively reweighted least square. The algorithm was run for 1000 cycles to select feature variables based on 1-se criteria or minimum criteria. Next, the RF algorithm based on classification and regression tree was applied, with the expression matrix of all genes as features and disease state as a label. A Venn diagram was used to identify the common hub genes among RF, LASSO, and WGCNA. The different expressions of these hub genes were analyzed between SP and HC in the training and validation datasets, respectively. Finally, the classification performance of the hub genes in both the training and validation cohorts was assessed using the receiver operating characteristic (ROC) curve, and the area under the curve was calculated.





Immune infiltration analysis

To determine the proportions of immune cells, this study applied the CIBERSORT and ssGSEA algorithms. Correlation analysis was then performed to analyze the association between immune cells and LMRGs.





Single cell RNA-seq analysis

The scRNA-seq dataset GSE167363 (included 5 sepsis patients and 2 healthy controls) was analyzed in this study. Quality control was performed, and expression matrix files were generated based on gene counts and UMI counts. Cells were filtered based on gene counts between 200 to 5,000 and UMI counts below 30,000, and a total of 38,562 cells were retained for downstream analysis. Seurat v3.1.2 (24) was used for dimension reduction and clustering, and Harmony was used for batch correction. The top 2000 variable genes were selected, and cells were separated into 23 clusters by the Find Clusters function. Sub-clustering analysis of cell types was performed with a resolution of 1.2. Cells were visualized in a two-dimensional space using UMAP. Cell-cell interaction (CCI) analysis between HC and SP was performed using Cellphone DB v2.1.0, based on ligand-receptor pairs. Cell differentiation trajectory was reconstructed with Monocle2 (25), and DDRTree was used for FindVariableFeatures and dimension reduction. The trajectory was visualized using the plot_cell_trajectory function. DEGs were used to sort cells in order of spatial-temporal differentiation.





Metabolomics profiling

Metabolomics analysis was conducted on peripheral blood specimens using a UHPLC system (Vanquish, Thermo Fisher Scientific). The MS/MS spectra were acquired by the Orbitrap Exploris 120 mass spectrometer (Xcalibur, Thermo) on information-dependent acquisition (IDA) mode under the control of the acquisition software. Filter individual peaks to remove noise. Filter deviation values based on relative standard deviation (RSD), which is the coefficient of variation (CV). Afterwards, simulate missing value recoding in the original data. The numerical simulation method fills in half of the minimum value. The resulting three-dimensional data, which included peak number, sample name, and normalized peak area, were input into the SIMCA14+ metaboanalyst tool package (Umetrics, Umea, Sweden) for PCA analysis (26). The significantly different expressions of metabolites and metabolic pathways were analyzed by heatmap and bubble plot. The significantly different expressions of metabolites and metabolic pathways were analyzed using a heatmap and bubble plot. Subsequently, a support vector machine was used to develop a classifier to verify the key metabolites that can distinguish sepsis patients from healthy controls. The metabolomics profiling data for this study has been deposited into the CNGB Sequence Archive (CNSA) of the China National GeneBank DataBase (CNGBdb) (https://db.cngb.org/data_access/) with the accession number CNP0004111.





Agarose gel electrophoresis of reverse transcriptase-polymerase chain reaction

RNA was extracted from human blood samples and rat cardiac tissues as previously described (23). Following reverse transcription, the resulting products in each experimental group were subjected to PCR amplification. The PCR products were then separated by electrophoresis and visualized under ultraviolet light. The primers utilized in these experiments are listed in Supplementary Table 2.





Cell culture and treatment

The H9C2 cells were cultured in DMEM (Invitrogen, CA, USA) supplemented with 10% fetal bovine serum (v/v) (FBS; Gibco, MD, USA), 1000 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen, CA, USA). To establish a sepsis model, cells were stimulated with 500 ng/ml LPS for 12 hours. Cells in the normal group were incubated with an equal volume of DMEM. In the SB203580 group, cells were pre-incubated with SB203580 at a concentration of 2 μM for 30 minutes before stimulation with LPS.





Western blotting

Cells were lysed with RIPA lysis buffer with protease inhibitor (Roche, USA). Cells were lysed using RIPA lysis buffer with a protease inhibitor (Roche, USA). The total protein concentration was quantified using a BCA protein assay kit. After separation by SDS-PAGE, the proteins were transferred onto a PVDF membrane. The membrane was then blocked with 5% bovine serum albumin for 1 hour at room temperature and incubated with primary antibodies against MAPK14 (1:1000) and β-actin (1:4000) overnight at 4°C. Subsequently, the membrane was rinsed with PBS and incubated with a goat anti-rabbit secondary antibody (1:20000) for 1 hour at room temperature. The signals were read and analyzed using Image Lab software (Bio-Rad).





Statistical analysis

The statistical analyses were conducted using R software, version 4.1.2 (http://www.r-project.org). Pearson’s correlation was used to adjust the correlation of co-expression. A p-value less than 0.05 was considered statistically significant.






Results




The lipid metabolism-related hubgenes in sepsis were screened via various machine learning algorithms

The flow chart of this study is shown in Figure 1. The results of PCA showed that gene expression patterns were significantly different between sepsis patients and healthy controls (Figure 2A). Compared with the healthy control group, a total of 508 differentially expressed lipid metabolism-related genes (DE-LMRGs) were involved in GSE65682, 307 of which were upregulated and 201 downregulated (fold-change > 1, P< 0.05) (Figure 2B). As for GO analysis, Cellular compounds (CCs) showed that 56.5% of these DE-LMRGs were distributed in the cytoplasm, 23% in the cytosol, and 20.3% in the endoplasmic reticulum (Figure 2C). The top 10 Molecular functions (MFs) included catalytic activity, serine-threonine kinase activity, acyltransferase activity, lipid kinase activity, etc. (Figure 2D). In addition, the top 10 Biological Pathways (BPs) of DE-LMRGs were shown in Figure 2E, including the metabolism of lipids and lipoproteins, TNF receptor signaling pathway, fatty acid, and ketone body metabolism, and IL-1-mediated signaling events.




Figure 1 | Study flowchart. The scheme diagram of data analyzing. *: as compared with the Control group, P <0.05; **: as compared with the Control group, P<0.01; ***: as compared with the Control group, P<0.001; ns: as compared with the Control group,no significant difference. NA:Not available.






Figure 2 | Identification of differentially expressed lipid metabolism-related genes (DE-LMRGs) from GEO dataset. (A) Principal Components Analysis (PCA) score plot of GSE65682. Each scatter represents a sample. The red represents the control group, and the green represents the sepsis group. (B) Volcano plot of DE-LMRGs in GSE65682. The blue dots indicate down-regulated DEGs while the red dots indicate up-regulated DEGs. Statistically significant DEGs were identified as those with a student’s t-test P < 0.05 and a fold-change > 1. Cellular compound (C), Molecular function (D) and Biological Pathway (E) of DE-LMRGs analyzed by Funrich.



WGCNA was performed to find suspected modules of sepsis. A soft threshold of β=5 was chosen to ensure the network is scale-free (Figure 3A). The expression matrix was transformed into an adjacency matrix and converted into a topological matrix. Genes were then hierarchically clustered and visualized in a dendrogram according to the dissimilarity topological overlap matrix. The module eigengenes (MEs) were determined as the first principal component of each gene module. We then sought correlations between MEs with disease, age, and gender to determine sepsis-associated modules. The blue module had the highest correlation with sepsis (r = 0.42, P = 5e -35) (Figure 3B). The genes in the blue module were shown (Figure 3C).




Figure 3 | Screening of DE-LMRGs via the comprehensive strategy. (A) Clustering dendrogram of differentially expressed genes related to sepsis. (B) Heatmap between the correlation between modules and disease (Each cell contained the correlation coefficient and corresponding P-value). (C) The gene significance for sepsis in the blue module. (D, E) Least absolute shrinkage and selection operator (LASSO) logistic regression algorithm to screen DE-LMRGs. Different colors represent different genes. (F, G) Based on random forest (RF) algorithm to screen DE-LMRGs. Genes with an importance score greater than 1 were used for subsequent signature establishment. (H) VENN diagram of hub genes. (I, J) Validation of expression of hub genes in patients with sepsis and normal control in the training cohort and the validation cohort. (K, L) ROC of hub genes in the training cohort and the validation cohort. **: as compared with the Control group, P <0.01; ***: as compared with the Control group, P<0.001.



LASSO logistic regression was established to shrink the regression coefficients towards zero and select out DE-LMRGs. As shown in Figures 3D, E, a total of 23 DE-LMRGs were screened. Likewise, RF was also built with minimum error regression trees for DE-LMRGs screening (Figures 3F, G), and 21 DE-LMRGs were screened.

By intersection of these 3 methods (WGCNA, LASSO, and RF), 5 hub genes (MAPK14, EPHX2, BMX, FCER1A, and PAFAH2) were determined (Figure 3H). Then, the expressions of these 5 hub genes were validated in the training cohort (GSE65682) and the merged validation cohort (GSE95233 and GSE54514), respectively (Figures 3I, J). ROC curves showed that these hub genes had an excellent prediction ability for sepsis in the training cohort GSE65682 with the AUC ratio>90% (Figure 3K). In the merged validation cohort, the prediction ability of MAPK 14, EPHX2, BMX, FCER1A, and PAFAH2 were validated with an AUC of 0.713, 0.832, 0.762, 0.672, and 0.649, respectively (Figure 3L).





The lipid metabolism-related hubgenes could affect the immune cell infiltration in sepsis

The immune-cell infiltration between SP and HC was analyzed. First, immune-cell proportion comparisons were analyzed by CIBERSORT in each sample of the training dataset GSE65682 (Figure 4A). Next, as the Pearson’s showed (Figure 4B), there was a positive correlation between 3 hub genes (PAFAH2, EPHX2, FCER1A) and CD4+ T cells, CD8+ T cells, resting NK cells, and regulatory T cells. In contrast, a positive correlation was found between the other 2 hub genes (MAPK14 and BMX) and M1 macrophages, M2 macrophages, monocytes, and activated mast cells. The above results were also validated by the ssGSEA algorithm (Figures 4C, D), suggesting an immunosuppressive microenvironment in sepsis, which might provide novel strategies for immunotherapy.




Figure 4 | The landscape of Immune cell infiltration and correlation analysis in GSE65682. (A) Analysis of immune-cell proportion comparisons between sepsis patients and healthy controls by CIBERSORT. (B) Person’s correlation analysis of CIBERSORT between infiltrating immune cells and identified hub genes. Red nodes indicate positive correlation while blue nodes indicate negative correlation. (C) Analysis of immune-cell proportion comparisons between sepsis patients and healthy controls (The blue and red boxplots stand for control and sepsis, respectively) by ssGSEA. (D) Person’s correlation analysis of ssGSEA between infiltrating immune cells and identified hub genes. Red nodes indicate positive correlation while blue nodes indicate negative correlation. *: as compared with the Control group, P <0.05; **: as compared with the Control group, P<0.01; ***: as compared with the Control group, P<0.001.







MAPK14 was involved in the differentiation of monocytes in sepsis

To further investigate the immune cell landscape of these hub genes at the single cell level, we downloaded scRNA-seq data from GSE167363 (HC=2, SP=5) to explore subpopulations in sepsis. The samples in this data were peripheral blood mononuclear cells (PBMCs). We obtained 38562 high-quality single-cell data after the quality control. Then normalization, unsupervised dimensionality reduction, and graph-based clustering were performed, and the cell type of each cluster was determined with the expression of canonical markers found in the DEGs using the SynEcoSys database. Finally, 7 cell clusters (plasmacytoid dendritic cells, erythrocytes, neutrophils, platelets, monocytes, T cells, and B cells) were obtained in the UMAP plot, which distributed unevenly between HC and SP (Figure 5A). The top 5 markers of each cluster were visualized in the bubble chart (Figure 5B). The clusters in each sample were displayed separately in UMAP plots (Supplementary Figure 1A). The top 3 ranked cell populations were T cells, B cells, and monocytes in both HC and SP. DEGs between HC and SP in T cells, B cells, and monocytes were shown respectively in Supplementary Figure 1B.




Figure 5 | Single-cell gene expression analysis of peripheral blood mononuclear cells (PBMC) in sepsis. (A) UMAP plot of the cell clusters annotated by the SingleR package. (B) Bubble chart of the top five markers of each cluster. (C) Subclusters of T cells. (D) Subclusters of B cells. (E) Subclusters of monocytes. (F) Heatmaps of number of ligand-receptor pairs across cell subgroups in HC and SP. (G) The expressions of the 5 hub genes in each subclusters. *: as compared with the Control group, P <0.05; **: as compared with the Control group, P <0.01; ***: as compared with the Control group, P<0.001; ****: as compared with the Control group, P<0.0001. ns: as compared with the Control group, no significant difference. NA: Not available.



To identify subtypes of immune cells in sepsis, we clustered T cells, B cells, and monocytes, respectively. Five subsets of T cells were identified, including Treg, NK, CD8+ Teff, NK T cells, and naive T cells, and they were distributed unevenly between SP and HC (Figure 5C). Three subsets of B cells were identified, including plasma cells, memory B cells, and naive B cells (Figure 5D). Three subsets of monocytes were identified, including DCs, non-classical monocytes, and classical monocytes, and the fraction of non-classical monocytes was higher in SP than that in HC (Figure 5E). In addition, platelets were subclustered into 10 subsets (Supplementary Figure 2A). Neutrophils were subclustered into 4 sub-populations in SP, while only one sub-population in HC (Supplementary Figure 2B). From the heatmaps of the ligand-receptor pairs across cell subgroups from HC (upper panel) and SP (lower panel) (Figure 5F), we found that the monocytes population (DCs, non-classical monocytes, and classical monocytes) harbored the maximum number of cell-cell crosstalk with other neighboring cells both in SP and in HC. Then, the expressions of 5 hub genes (PAFAH2, MAPK14, EPHX2, FCER1A, and BMX) in each subpopulation were shown respectively in Figure 5G. All these hub genes showed significant differences between SP and HC, indicating that lipid metabolism-related genes may play key roles in most immune cell subclusters during sepsis.

Because monocytes played an essential role in cell communication, we focused further investigated cell differentiation by trajectory and pseudotime analysis via Monocle. The classical monocytes were first developed into non-classical monocytes, which further developed into the DCs. In SP, all the 3 states of cells could be detected, while only state 1 was found in HC (Figures 6A–D). Interestingly, one of the hub genes, MAPK14, was simultaneously present in all the states (Figure 6E). DEGs were identified along the main stem of the pseudotime trajectory, and the top 30 representative DEGs were shown in the clustering and expression kinetics (Figure 6F). Cells in clusters expressing MAPK14 were labeled “positive”; otherwise, cells were labeled “negative”. In addition, the top 40 DEGs between non-classical monocytes (positive) and non-classical mo-(negative) cells in HC and SP were exhibited in the heatmaps (Figures 6G, H). Based on GO analysis, the biological processes of DEGs between non-classical monocytes and non-classical mo- cells in SP were identified as humoral immune response, synapse pruning, and immunoglobulin-mediated immune response (Figures 6I, J). By GSVA analysis, we detected that the up-regulated pathways in non-classical monocytes (positive) were the B cell receptor signaling pathway, oxidative phosphorylation and so on (Figure 6K).




Figure 6 | Trajectory and pseudo-time analysis of immune cells. (A) Monocle pseudotime trajectory of monocytes. (B) Curve plot showing the progression of classical monocytes, non-classical monocytes and DCs. (C) The pseudotime trajectory revealed 3 different states of monocytes. (D) Monocle pseudotime trajectory showing the progression of classical monocytes, non-classical monocytes and DCs in HC and SP. (E) Monocle pseudotime trajectory of MAPK14. (F) The clustering and expression kinetics shows top 30 representative DEGs along the main stem of the pseudotime trajectory. (G) Heatmap showing the top 40 DEGs between non-classical monocytes and non-classical mo- cells in HC. (H) Heatmap showing the top 40 DEGs between non-classical monocytes and non-classical mo- cells in SP. (I) Bar graph of GO Enrichment analysis in HC. (J) Bar graph of GO Enrichment analysis in SP. (K) Bar plot of GSVA analysis (Mo+ vs Mo-).







The role of MAPK14 in sepsis patients, rats and LPS-induced cardiomyocytes

To verify the effect of MAPK14, the only hub gene that was involved in all the states of monocyte differentiation in sepsis, metabolomics was performed by a UHPLC-MS system (the clinical information of was shown in Supplementary Table 3). The PCA score plot indicated that the two groups of samples have significant differentiation and were basically within the 95% confidence interval (Figure 7A). Then the orthogonal partial least squares-discriminant analysis (OPLS-DA) was established for pattern recognition of the two groups and to explore the differentially expressed metabolites (DEMs) (Figure 7B). A total of 449 DEMs were obtained, of which 309 were upregulated and 140 were downregulated in the sepsis group (VIP-value > 1, P-value < 0.05), and the super-classes of DEMs were shown in the pie chart (Figures 7C–E). DEMs were enriched in pathways, such as phenylalanine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, and pyruvate metabolism (Figure 7F). In addition, a total of 16 hub metabolites were identified by SVM (Figure 7G). The correlation between hub metabolites and identified hub genes were further analyzed by Pearson’s correlation analysis. Interestingly, these hub metabolites were all positively correlated with MAPK14 and BMX and negatively correlated with FCER1A, PAFAH2, and EPHX2 (Figure 7H).




Figure 7 | Metabolomics profiling of healthy control and sepsis patients. (A) Principal component analysis (PCA) scores plot for metabolomics analysis in sepsis and control. (B) OPLSDA plot. The ordinate represents the value of R2Y or Q2, the abscissa represents the degree of substitution retention, the red dot represents the R2Y value of the substitution test, the blue dot represents the Q2 value of the substitution test, and the two dashed lines represent the regression lines of R2Y and Q2, respectively. (C) Pie chart analysis of differentially-expressed metabolites categories. Each color represents a different category of substances. (D) Volcano plot, and (E) Heat map analyzed by TBtools showing the significantly changed metabolites in sepsis and control. (F) Bubble plot of enriched pathways of differentially-expressed metabolites. Each bubble represents a metabolic pathway, with the position and size of the bubble indicating the impact of the pathway in the topological analysis. The color of the bubble indicates the P-value, with redder colors indicating smaller P-value and more significant enrichment. (G) Support vector machine (SVM) for hub metabolites, the optimal variables were screened out based on the “e1071” package. (H) Person’s correlation analysis between hub metabolisms and identified hub genes. *: as compared with the Control group, P <0.05; **: as compared with the Control group, P <0.01; ***: as compared with the Control group, P<0.001.



We established a sepsis rat model using CLP and administered them with a MAPK14 antagonist SB203580. First, the inhibitory effectiveness of SB203580 on MAPK14 was confirmed in myocardial tissue of sepsis rats by gel electrophoresis (Figure 8A). The serum levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α were significantly increased after sepsis, and down-regulated by inhibiting MAPK14 to 56.7%, 64.8%, and 72.6% compared with the sepsis group, respectively (Figures 8B–D). The MAP declined from 12h after CLP, which was partly reversed by SB203580 treatment (Figure 8E). The survival rate of sepsis rat at 24h was 0, and the average survival time was 6.03 ± 4.96h, whereas the survival rate in the SB203580 group was 18.75% (3/16), and the average survival time was significantly extended to 13.28 ± 8.173h (Figures 8F, G).




Figure 8 | The role of MAPK14 in sepsis rats and LPS-induced cardiomyocytes. (A) RT-PCR detecting the inhibitory effectiveness of SB203580 on MAPK14 in heart tissues. ELISA showing the levels of (B) IL-1β, (C) IL-6, and (D) TNF-α between three groups. (E) MAP within 6h detecting starting at 12h after CLP. (F) The survival time and (G) rate of rats. (H) Representative HE staining images of myocardial fibers. (I) Quantification of Western blotting results of MAPK14. (J) Representative Western blotting images of MAPK14. (K) Representative TUNEL staining images of H9C2 cells. (L) CCK-8 detecting the cell viability of H9C2 cells. **: as compared with the Control or Normal group, P< 0.01; ***: as compared with the Control or Normal group, P< 0.001; #: as compared with the Sepsis or LPS group, P< 0.05; ##: as compared with the Sepsis or LPS group, P< 0.01.



Organ damage was an important cause of death in sepsis patients, and myocardial injury is one of the most severe complications of sepsis. To explore the effect of MAPK14 antagonism on myocardial function in sepsis, we observed the structural changes of myocardial fibers in sepsis rats. The myocardial fibers were disorganized, and the space between fibers was widened after sepsis, and these changes were ameliorated by inhibiting MAPK14 as the HE staining shown (Figure 8H). Then, we used a myocardial sepsis model in vitro by stimulating H9C2 cells with LPS (500 ng/ml) for 12h. The inhibitory effectiveness of SB203580 on MAPK14 was verified by Western blot (Figures 8I, J). Next, TUNEL staining was performed to observe cell apoptosis in H9C2 cells. The TUNEL-positive cells were reduced in SB203580-treated H9C2 cells compared with LPS-induced ones (Figure 8K). In addition, the cell viability of H9C2 cells was decreased by 64.6% after being stimulated with LPS, while SB203580+LPS treatment increased the cell viability by 74.5% compared with the LPS stimulation (Figure 8L).






Discussion

In the present study, we identified 508 DE-LMRGs between SP and HC and screened 5 lipid metabolism-related hub genes MAPK14, EPHX2, BMX, FCER1A, and PAFAH2 via machine learning algorithms. By analyzing the relationship between hub genes and immune-cell infiltration, we found an immunosuppressive and exhausted microenvironment in sepsis. Then, we investigated the immune cell landscape of these hub genes at the single-cell level by analyzing scRNA-seq data and identified the pivotal role of lipid metabolism in immune cells in sepsis. Finally, we validated the role of MAPK14 in sepsis patients, rats, and LPS-induced cardiomyocytes.

Sepsis can advance to multiorgan system dysfunction that is caused by a dysregulated immune response to the infection and associated with high mortality and morbidity. Currently, there are still no effective treatment therapies to lower sepsis mortality due to the complex pathophysiology (27, 28). Although sepsis is fundamentally associated with inflammation, recent studies have reported that metabolism, especially lipid metabolism, plays a critical role in the pathogenesis and pathophysiology of sepsis (23, 29). Serum levels of the prostaglandins PGE2 and PGD2, two eicosanoid lipid mediators, are found to be elevated in patients with sepsis, accompanying with increased COX-2 activity (30). To explore the molecular mechanisms underlying sepsis, we analyzed public datasets and found that 508 DEGs were related to lipid metabolism, indicating that LMRGs might play critical roles in the sepsis pathophysiology.

Then the most relevant featured genes with sepsis were identified by WGCNA. Crucial DEGs were identified using LASSO logistic regression and RF. A total of 5 hub genes were found by taking the intersection of the results of multiple machine learning algorithms including LASSO, RF, and WGCNA, and they were all good candidates to predict sepsis validated by ROC curves. Based on these findings, these 5 hub genes could be used as prognostic indicators to predict the outcomes of patients with sepsis.

Platelet-activating factor acetyl-hydrolase type 2 (PAFAH2) is a hydrolytic enzyme that can remove oxidatively damaged lipids. PAFAH2 has been found to repair oxidative-stress induced tissue injury and thus reduce related cell death (31). Therefore, PAFAH2, as a hub gene, may play a crucial role in lipid metabolism during sepsis and can predict the outcome of sepsis patients.

Belonged to the MAP kinase family, MAPK14 act as an integration point for multiple biochemical signals, and participates in various cellular processes. MAPK14 can be induced by many proinflammatory cytokines and is considered as a good predictor for sepsis, which is consistent with other bioinformatics analyses of sepsis (32–34).

EPHX2 is a member of the epoxide hydrolase family. Mutations of EPHX2 are associated with familial hypercholesterolemia, and EPHX2 has also been proven to exacerbate acute vascular inflammatory responses (35), suggesting its role in lipid metabolism and inflammation. Therefore, EPHX2 is a good candidate for predicting the prognosis of sepsis.

Bone marrow kinase on the X chromosome (BMX) encodes a non-receptor tyrosine kinase belonging to the Tec kinase family. BMX has been shown to attenuate endothelial permeability and vascular leakage during sepsis (36). In addition, BMX can regulate LPS-induced IL-6 and VEGF production and is involved in the phagocytosis of pathogens (37, 38). Thus, BMX may play a key role in the pathophysiology of sepsis as a hub gene.

FCER1A, an IgE receptor, is the initiator of the allergic response. In the present study, FCER1A was determined as a hub gene to the predict prognosis of sepsis, which was consistent with a previous study showing that FCER1A was identified as a potential diagnostic biomarker for sepsis (39, 40). In addition, FCER1A has been demonstrated to be associated with lipid metabolism and immune functions (41), supporting our findings.

Immune cells have different metabolic states and can preferentially utilize specific metabolites to perform corresponding functions (42). The alterations of these 5 hub genes in various immune cell types between SP and HC indicated that lipid metabolic changes played distinct roles in different immune cells. Besides, we found that some hub genes were positively correlated with the numbers of CD4+ T cells, CD8+ T cells, resting NK cells, and regulatory T cells, but negatively correlated with those of M1 macrophages, M2 macrophages, monocytes, and activated mast cells; whereas, the other hub genes showed the opposite trend, which provided novel insights into the regulation of subsets of immune cells. Metabolism reprogramming has been reported to be associated with immune cell infiltration (43). However, the exact metabolic pathways through which the 5 hub genes affecting the immune microenvironment of sepsis need to be further studied.

To further explore cellular and molecular features of each immune cell type involved in sepsis, we identified 7 cell clusters in PBMCs of sepsis patients using a public scRNA-seq dataset, and these immune cells were subclustered. First, the proportions of primary cell populations changed during disease progression. The proportions of monocytes and platelets increased while that of T cells and B cells decreased, suggesting phenotypic alterations of immune cells induced by sepsis. Among all these immune cells, we found that monocytes (DCs, non-classical monocytes, and classical monocytes) harbored the maximum number of cell-cell crosstalk with other neighboring cells in sepsis. All the 3 subsets of monocytes played crucial roles in the pathological process of sepsis. Accelerated differentiation of monocytes into DCs in sepsis patients were also reported (44, 45). Second, DEGs in each immune cell population was identified between HC and SP, indicating that sepsis could induce functional changes in different immune cells. Third, many immune cell subtypes were identified, and sepsis caused altered the expressions of 5 hub genes in almost all the subtypes, suggesting their pivotal roles in the immune system during sepsis.

The hub gene MAPK14 might be critical in regulating the differentiation and function of monocytes as MAPK14 was found to be involved in all the states of monocytes along the timeline during sepsis progression, and therefore, MAPK14 might become a novel therapeutic target for sepsis. In addition to monocytes, the differentiation of T cells and B cells also played vital roles in the development of sepsis. However, the association between LMRGs and the differentiation of T and B cells remains unclear, which needs further investigation.

In this study, we also identified altered metabolite profiles of sepsis using metabolomics. The highest proportion of DEMs in sepsis is lipids and lipid-like molecules (41.9%). DEMs are mainly enriched in pyruvate metabolism. A total of 16 hub metabolites were found through the SVM algorithm, and their expressions were correlated with the expressions of the hub genes, indicating that the featured hub genes might have a pivotal role in the interplays among the dysregulated metabolites in sepsis. A recent study showed that the pathogenesis was influenced by metabolic homeostasis in sepsis (43). We also found that MAPK14 was positively correlated with hub metabolites. In addition, the role of MAPK14 in the development of sepsis was validated in vivo and in vitro. But the mechanism of the protective effect of MAPK14 on monocyte differentiation and sepsis induced cardiac dysfunction was still unknown, and will be investigated in the future. Therefore, the novel sepsis biomarkers associated with metabolism, including MAPK14 have the potential to develop targeted therapies for sepsis.





Conclusions

In the present study, we identified 5 lipid metabolism-related hub genes (MAPK14, EPHX2, BMX, FCER1A, and PAFAH2) that have the possibility of diagnostic and therapeutic in patients with sepsis by machine learning analysis. The single-cell RNA landscape revealed that LMRGs might play pivotal roles in the immune system during sepsis. The protective effect of inhibiting MAPK14 on sepsis indicated that these lipid-metabolic hub genes might have great potential in prognosis prediction and precise treatment for sepsis patients.
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Background

Sepsis remains a complex condition with incomplete understanding of its pathogenesis. Further research is needed to identify prognostic factors, risk stratification tools, and effective diagnostic and therapeutic targets.





Methods

Three GEO datasets (GSE54514, GSE65682, and GSE95233) were used to explore the potential role of mitochondria-related genes (MiRGs) in sepsis. WGCNA and two machine learning algorithms (RF and LASSO) were used to identify the feature of MiRGs. Consensus clustering was subsequently carried out to determine the molecular subtypes for sepsis. CIBERSORT algorithm was conducted to assess the immune cell infiltration of samples. A nomogram was also established to evaluate the diagnostic ability of feature biomarkers via “rms” package. 





Results

Three different expressed MiRGs (DE-MiRGs) were identified as sepsis biomarkers. A significant difference in the immune microenvironment landscape was observed between healthy controls and sepsis patients. Among the DE-MiRGs, NDUFB3 was selected to be a potential therapeutic target and its significant elevated expression level was confirmed in sepsis using in vitro experiments and confocal microscopy, indicating its significant contribution to the mitochondrial quality imbalance in the LPS-simulated sepsis model. 





Conclusion

By digging the role of these pivotal genes in immune cell infiltration, we gained a better understanding of the molecular immune mechanism in sepsis and identified potential intervention and treatment strategies. 
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Introduction

Sepsis is a fatal syndrome resulting from multiple organ failure caused by an inappropriate host response to infection. Despite a significant decline in sepsis mortality due to improvements in life support techniques, long-term ICU stays remain on the rise, resulting in a significant socioeconomic burden (1, 2). Despite significant advances in diagnosis and treatment, the incidence of sepsis continues to increase due to an incomplete understanding of the pathogenesis due to individual heterogeneity and the complexity of the infection (3). At the same time, there are few studies on the factors related to long-term mortality in patients with sepsis, and risk stratification is unclear (4, 5). Therefore, there is a need to further search for prognostic factors, more accurate risk stratification for sepsis, and more sensitive and specific diagnostic and therapeutic targets.

In recent years, the role of mitochondria beyond energy supply has received increasing attention. Danger signals actively secreted or passively released by dead or damaged cells are known as damage-related molecular patterns (DAMPs). DAMPs activate the immune system by activating classical pattern recognition receptors (PRRS)or non-PRR pathways, including ion channels and G-protein-coupled receptors (6). ATP, the main form of energy produced by mitochondria, is a DAMP. Damage-induced release of mitochondria and their contents can increase local ATP levels, thereby enhancing the killing effect of macrophages in sepsis through P2X7 and P2X4 receptors (7, 8). In addition to ATP, various components of mitochondria can be used as DAMPs, including transfactor A, cytochrome c, succinate, mitochondrial (TFAM), cardiolipin, and mtRNA (9). These mitochondrial damage-associated molecular patterns (mtDAMPs) can be stimulated by lipopolysaccharide secretion by monocytes in extracellular vesicles (10). mtDAMP released into circulation is recognized by the immune system and drives an inflammatory response (11). Additonally, during sepsis process, mitochondrial stress leads to mitochondrial membrane potential decreases, resulting in impaired membrane integrity (12). This mitochondrial damage causes mitochondrial DNA (mtDNA) leaking into the cytoplasm and acting as a key DAMP. By affecting the respiratory chain, enhancing oxidative stress and inflammatory response, inducing cell apoptosis, mitochondrial damage leads to cell dysfunction and tissue damage, and further aggravates mitochondrial dysfunction, thus forming a feedback loop (13).

Uncontrolled inflammation following severe trauma is often one of the key factors leading to organ damage and poor prognosis. An increasing number of reports have hinted at the important roles of mtDNA and mtDAMP in sepsis (14). mtDAMPs can induce a strong inflammatory response and septicaemia - like symptoms. mtDAMPs are present in trauma patients. Animals treated with mtDAMP showed an exaggerated inflammatory response triggered by mtDAMP (14). Traumatized patients had higher plasma mtDNA levels (15, 16) than healthy subjects. Moreover, mtDNA levels were closely associated with post-injury complications (17). Plasma levels of circulating mtDNA were significantly higher in patients with severe sepsis/septic shock than in patients with postoperative inflammation or trauma (18, 19). Thus, the plasma concentration of mtDNA was considered to be an independent predictor of post-traumatic SIRS (20). mtDNA may be better than lactate concentration or even SOFA score in predicting mortality after admission in sepsis patients (21). Further studies of both mtDNA and mtDAMPs in sepsis will greatly improve our understanding of sepsis pathogenesis.

In this study, we aim to use machine learning algorithms to identify new mitochondria-related genes (MiRGs) in sepsis. Three MiRGs (BCKDHB, LETMD1, and NDUFB3) were screened out. More information about the role of MiRGs in immune infiltration was further explored. After the verification of high expression of NDUFB3 with our sepsis clinical specimens, the effect of NDUFB3 on mitochondria was tested with a confocal microscope. The expression of NDUFB3 was inhibited by small interfering RNA technology and the mitochondrial function was significantly reduced in the sepsis model. This study provides new ideas and targets for the intervention and treatment of sepsis.





Materials and methods




Sepsis datasets collection

Three public gene expression matrices (GSE54514, GSE65682, and GSE95233), comprising of gene expression data from sepsis patients (SP) and healthy controls (HC), were obtained from the Gene Expression Omnibus (GEO) databases. The GSE65682 dataset (GPL13667, [HG-U219] Affymetrix Human Genome U219 Array), consisting of 42 healthy samples and 760 sepsis samples, served as the training cohort, while the GSE54514 (GPL6947, Illumina HumanHT-12 V3.0 expression beadchip) and GSE95233 (GPL570, [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array) datasets, which included 58 healthy samples and 229 sepsis samples, were utilized as the test cohort. The R script “sva” was employed to normalize the data and eliminate any batch effects present in the three datasets (20). The definition of differentially expressed genes (DEGs) was established at |Fold change| ≥ 2, p (p. adjust) < 0.05. Mitochondria-related genes (MiRGs) were collected from the Mito-Carta, MitoMiner, IMPI 2, and UniProt databases.





WGCNA and machine learning algorithm

Weighted gene co-expression network analysis (WGCNA) was employed in this study to identify the pivotal gene module associated with sepsis and healthy controls. Initially, all samples underwent clustering to exclude anomalous samples. Next, with the application of the scale-free topology model fit (R2 = 0.85), a network was constructed with a soft threshold (power) of 9 (β). The genes were subsequently separated into distinct modules and clustered in a tree, which were then merged into the final module. Pearson correlation algorithm was employed to calculate the correlation between each gene module. Eventually, the association between clinical features and gene modules was estimated, and the most relevant modules for the following analysis were selected. The least absolute shrinkage and selection operator (LASSO) logistic regression and random forests (RF) were employed for feature selection to screen diagnostic markers for sepsis. The LASSO algorithm was conducted using the “glmnet” package, while the RF algorithm was implemented as tree-based methods for classification and regression analysis. In this study, variables with the minimum log lambda of LASSO were considered as characteristics variables, and the importance threshold for selecting crucial variables using RF was set at 3. The common genes from LASSO and RF were obtained by Venn plot and used for further analysis.





Exploration of functional enrichment in (DE-MiRGs)

We utilized the “clusterProfiler” and “ggplot2” packages to perform enrichment analyses of DE-MiRGs using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (22). Furthermore, we applied GSEA to enrich the DEGs into distinct functional signaling pathways for HC and SP groups.





Nomogram development based on the diagnostic biomarkers

A nomogram model, which is based on the differentially expressed miRNA-regulated genes (DE-MiRGs), was constructed using the R package “rms”, to estimate the diagnostic probability of sepsis patients. To validate the diagnostic capacity of the nomogram, a receiver operating characteristic (ROC) curve was plotted. The nomogram scores were computed using the following parameters: -2.548 x BCKDHB + -5.454 x LETMD1 + 4.507 x NDUFB3.





Immune infiltration and consensus clustering analysis

Based on the expression matrix of each samples in the training cohort (GSE65682), the CIBERSORT algorithm was employed to evaluate the immune infiltration. Following the computation of marker genes for 22 immune cells, the relative proportion of the 22 immune cells was obtained. To investigate the correlation between infiltrating immune cells and 3 diagnostic biomarkers, Pearson’s correlation was conducted using the “ggplot2” R package. The 3 diagnostic DE-MiRGs were utilized for consensus clustering, with a maximum K of 9, via the R package “ConsensusClusterPlus”. Based on the optimal classification of K = 2, sepsis patients were classified into 2 molecular subtypes for further analysis. “ggplot2” script was utilized to exhibit the distribution pattern of HC and SP groups in a PCA plot based on the 22 immune cells proportion.





Clinical samples

The clinical blood samples used in this study were obtained from 30 sepsis patients and 15 healthy volunteers at Daping Hospital (Chongqing, China) (Supplementary Table 1). The study was approved by the Ethics Committee of the Army Medical University and was registered with the Chinese Clinical Trial Registry (ChiCTR2200055772). All procedures were carried out under the approval of the Ethics Committee, and informed consent was obtained from all patients prior to participation.





Reagents and cell culture and treatment

The Mito-tracker was procured from Thermo Fisher Scientific (Waltham, MA, USA). The ROS assay kit, ATP detection kit, and JC-1 enhanced mitochondrial membrane potential assay kit were purchased from Beyotime (Shanghai, CHINA). The siRNA for NDUFB3 was generated by Obio Technology (Shanghai, CHINA), and the target sequence of siNDUFB3 was 5′- GAUUAUAGACAAUGGAAGATT -3′. H9C2 cells were obtained from the American Type Culture Collection (ATCC), located in Manassas, VA, USA, and cultured in DMEM supplemented with 10% FBS and 1% antibiotics in a 5% CO2/95% air atmosphere, at 37°C (23). To construct an in vitro sepsis model, H9C2 cells were stimulated with 1μg/ml LPS, purchased from Sigma (St. Louis, MO, USA), for 12 hours.





Immunofluorescence

The cells were introduced into the confocal chamber and incubated with Mito-tracker (diluted to a ratio of 1:10,000), DCFH-DA (diluted to a ratio of 1:1,000), and JC-1 (diluted to a ratio of 1:1,000) at a temperature of 37°C for a period of 30 minutes. Following this, observations were made of the mitochondrial morphology, reactive oxygen species (ROS), and mitochondrial membrane potential utilizing a laser confocal microscope (Leica SP5, Germany). The mitochondrial length was subsequently analyzed utilizing a mitochondrial network analysis (MiNA) toolset, which was included in the ImageJ software (https://fiji.sc/).





qRT-PCR analysis

The blood RNA was extracted using the PureLink™ blood total RNA extraction kit (Invitrogen).Then, the extracted RNA was then reverse transcribed into cDNA libraries using the Bestar™ qPCR RT Kit (DBI Bioscience), and fluorescent quantitative PCR reactions were performed using the Bestar® SYBRGreen qPCR master mix (DBI Bioscience). Actin was handled as an internal reference. Primers used in these experiments were listed in Supplementary Table 2.





Statistical analysis

Statistical analyses were performed using R (version 4.1.1), GraphPad Prism (version 8.0.1), and SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Cell study data were repeated in a minimum of three independent experiments. In this study, statistical differences between the two groups were tested using the T test and Wilcoxon rank-sum test. One-way ANOVA analysis was used between multiple groups. All data are presented as the mean ± standard deviation (SD) and statistical significance was considered at p < 0.05.






Results




DEGs screening and GSEA analysis

Three datasets were collected from the GEO database (GSE95233, GSE65682, GSE54514) in this study. After removing the batch effect and data normalization, we collected 100 healthy samples (HC) and 989 sepsis samples (SP) for the subsequent analyses (Figure 1). In the training cohort (GSE65682), under the screening condition set at |fold change| ≥ 2 and p-value (p.adjust) < 0.05, 744 DEGs were obtained, including 398 down- and 346 up-regulated DEGs (Figure 2A). The heatmap diagram showed the expression of the top 25 up- and down-regulated DEGs in HC and SP groups (Figure 2B). The analysis of GSEA suggested that the DEGs in the SP group were greatly enriched in chemical carcinogenesis-DNA adducts, fatty acid biosynthesis, glycosphingolipid biosynthesis-lacto and neolacto series, mucin type O−glycan biosynthesis, and starch and sucrose metabolism; however, we found that the DEGs in HC group were remarkably enriched in immune-related signaling pathways, including antigen processing and presentation and allograft rejection (Figures 2C, D).




Figure 1 | Diagram of the Study flow.






Figure 2 | Identification of DEGs and GSEA functional enrichment analysis. (A) Volcano plot of DEGs in HC and SP groups. The threshold of screening DEGs is set at |fold change| ≥ 2 and p (p.adjust) < 0.05. Turquoise dots represent down-regulated genes and red dots represents up-regulated genes. (B) Analysis of top 25 up- and down-regulated genes in HC and SP group. (C, D) GSEA analysis of DEGs in HC and SP group.







Construction of WGCNA

The training cohort (GSE65682) was utilized to develop a WGCNA network. The 42 HC samples and 760 SP samples were clustered under a set threshold condition to exclude abnormal samples. Under the filter of scale-free topology (R2 > 0.85), the soft threshold (power) for scale independence was selected as β = 9 (Figure 3A). With the height of clustering of module eigengenes set at 0.25, a total of 18 gene modules were obtained for further analysis (Figure 3B). The cluster dendrogram indicated the height of each module which was cut by the dynamic tree and merged into modules (Figure 3C). The correlation heatmap suggested that there was no apparent correlation between each module (Figure 3D). In addition, transcriptional correlation analysis within each module showed that there was no significant association between modules, showing the reliability of module descriptions (Figure 3E). The relationship of gene modules and clinical features illustrated that module black was negatively correlated with SP (r = -0.6, p = 4e-80), and positively correlated with HC (r = 0.6, p = 4e-80); module red was negatively associated with HC (r = -0.52, p = 8e-57), and positively correlated with SP (r = 0.52, p = 8e-57); module green was positively correlated with HC (r = 0.37, p = 7e-27), and negatively correlated with SP (r = -0.37, p = 7e-27, Figure 3F). According to the correlation coefficient, module black was identified as the most characteristic module. The scatter plot indicated that the module membership versus gene significance showed a high correlation of HC and SP (r = 0.77, p = 1.4e-179), and the genes in this module were collected for further analysis (Figures 3G, H).




Figure 3 | WGCNA analysis to select characteristics gene module for SP. (A) Scale free topology model fit (R2 = 0.85) and mean connectivity. (B) Clustering of module genes. (C) Cluster dendrogram for selecting gene modules. (D) Association between the gene modules. (E) Correlation analysis of transcriptome in different modules. (F) Heatmap analysis of 18 modules and clinical features (HC, SP). (G, H) Module membership vs. gene significance for SP and HC in black module.







Identification of DE-MiRGs and functional enrichment analysis of pivotal module genes

Based on the different analysis and WGCNA (black module), 64 overlapping genes were identified as pivotal DE-MiRGs by the Venn diagram (Figure 4A) (24). We utilized function enrichment analysis to explore the potential molecular biological function of pivotal DE-MiRGs for SP. The analysis of GO enrichment illustrated that those pivotal DE-MiRGs were associated with the generation of precursor metabolites and energy, cellular respiration, mitochondrial matrix, and structural constituent of ribosome (Figure 4B). The KEGG analysis of pivotal DE-MiRGs was linked with carbon metabolism, ribosome, diabetic cardiomyopathy, and chemical carcinogenesis-reactive oxygen species (Figure 4C).




Figure 4 | DE-MiRGs screening and function enrichment analysis. (A) Identification of pivotal DE-MiRGs in black module. (B) GO enrichment analysis of DE-MiRGs. (C) KEGG pathway analysis of DE-MiRGs.







Identification of feature biomarkers

We performed two machine learning algorithms to select the feature DE-MiRGs for SP. The LASSO algorithm showed the minimum lambda of DE-MiRGs, and 10 characteristic variates were obtained (Figures 5A, B). Random forest (RF) algorithm result identified 8 feature DE-MiRGs for further analysis (Figure 5C). According to LASSO and RF algorithms, three overlapping genes were identified as feature biomarkers, including BCKDHB, LETMD1, and NDUFB3 (Figure 5D). As displayed in Figure 5E, a remarkable association was observed between the three feature biomarkers; BCKDHB was positively associated with LETMD1 and negatively associated with NDUFB3; NDUFB3 was negatively correlated with LETMD1.




Figure 5 | Feature biomarkers selection via machine language algorithms. (A, B) LASSO analysis to screen key DE-MiRGs. (C) RandomForest (RF) analysis of key DE-MiRGs, the filter condition for screening feature variates is set at: importance > 3. (D) Venn analysis of LASSO and RF. The overlapping genes are considered as feature biomarkers. (E) Correlation heatmap of BCKDHB, LETMD1, and NDUFB3. Green color represents negative correlation, red color represents positive correlation.







Validation of feature biomarkers and effectiveness evaluation

Two separate cohorts were adopted to validate the expression and diagnostic effectiveness of feature biomarkers. In the training cohort (GSE65682) and validation cohort (GSE95233, GSE54514), the expression of three feature biomarkers suggested the HC group had higher expression of BCKDHB, LETMD1, and lower expression of NDUFB3 (Figures 6A, B). Moreover, a nomogram model was established based on three gene signatures to evaluate the diagnostic effectiveness of SP in both cohorts. The results of the nomogram illustrated a satisfactory diagnostic ability of BCKDHB, LETMD1, and NDUFB3 for SP (Figures 6C, E). The ROC analysis in the training cohort suggested that the AUC of three feature biomarkers (BCKDHB, LETMD1, NDUFB3) and nomogram score was 0.971, 0.977, 0.985, and 0.997, respectively (Figure 6D). The ROC analysis of feature biomarkers (BCKDHB, LETMD1, NDUFB3) and nomogram score in the validation cohort displayed that the AUC was 0.732, 0.614, 0.734, and 0.768 (Figure 6F). These results demonstrate a satisfactory diagnostic effectiveness of three feature biomarkers that could be used for clinical precision diagnosis of SP.




Figure 6 | Validation of the expression of feature biomarkers and effectiveness evaluation. (A) The expression of BCKDHB, LETMD1, NDUFB3 in training cohort (GSE65682). (B) Validation of BCKDHB, LETMD1, NDUFB3 in validation cohort (GSE95233, GSE54514). (C, D) Nomogram construction and ROC curve of three gene signatures in GSE65682. (E, F) Nomogram construction and ROC curve of three gene signatures in GSE95233 and GSE54514.







Analysis of immune microenvironment landscape

By assessing the signature of 22 immune cell subtypes, we calculated the relative percent of 22 immune cells in the HC and SP groups based on the CIBERSORT algorithm (Figure 7A). Between the 22 immune cells, a significant correlation was observed in a heatmap; NK cells resting was negatively correlated with NK cells activated (r = -0.68), but positively correlated with T cells CD8 (r = 0.41); T cells CD4 memory activated was positively correlated with T cells CD8 (r = 0.42); B cells memory was negatively correlated with eosinophils (r = -0.44), NK cells activated (r = -0.35) and macrophages M0 (r = -0.35) (Figure 7B). Quantitative data revealed a great difference between HC and SP groups in most immune cells, such as B cells memory, T cells CD8, T cells CD4 memory resting, T cells CD4 memory activated, and T cells regulatory (Tregs) (Figure 7C). PCA plot illustrated a significant classification of immune cells in HC and SP groups (Figure 7D). Moreover, the correlation analysis of three feature biomarkers and the immune microenvironment landscape suggested that BCKDHB, LETMD1, and NDUFB3 were greatly correlated with 22 immune cells (Figures 7E–G). Collectively, these findings demonstrate a significant difference between HC and SP groups in the immune microenvironment and closely associated with BCKDHB, LETMD1, and NDUFB3.




Figure 7 | Analysis of immune microenvironment landscape in HC and SP groups. (A) Immune cells assessment between HC and SP groups. (B) Analysis of correlation in 22 type immune cells. (C) Violin diagram of 22 type immune cells in HC and SP groups. (D) PCA plot showed a different distribution pattern in HC and SP. (E–G) Correlation analysis of three diagnostic biomarkers (BCKDHB, LETMD1, and NDUFB3) and immune microenvironment.







Consensus clustering analysis of three diagnostic biomarkers for SP

We performed a consensus clustering analysis to cluster the SP samples into different molecular subgroups. Based on the three diagnostic biomarkers, two optimal classifications were obtained for SP (Figures 8A–C). The quantitative data indicated that the samples in Cluster A had higher expression of BCKDHB and LETMD1, whereas the expression of NDUFB3 was higher in Cluster B (Figures 8D–F). The immune cell assessment result illustrated that the immune microenvironment of samples in both cluster classifications was greatly different, such as B cells memory, T cells CD8, T cells CD4 naïve, and neutrophils (Figure 8G). The analysis of GSEA suggested that the DEGs in the Cluster A group were greatly enriched in Antigen processing and presentation and graft versus host disease, while the DEGs in Cluster B group were remarkably enriched in Glycosphingolopid biosynthesis and O-glycan biosynthesis (Supplementary Figure 1). These findings demonstrate that the SP samples could be accurately classified into different molecular subgroups based on the three feature biomarkers and notably correlated with the immune microenvironment.




Figure 8 | Subgroup analysis of SP samples based on three feature biomarkers. (A–C) Consensus clustering analysis. (D–F) The expression of BCKDHB and LETMD1, and NDUFB3 in both cluster subgroups. (G) Immune microenvironment analysis of subgroups. *p<0.05, **p<0.01, ***p<0.001.







Effects of NDUFB3 on mitochondrial dysfunction in sepsis

In order to further validate the expressions of 3 diagnostic biomarkers in sepsis, we collected the serum of 30 septic patients (SP) and 15 healthy controls (HC) for quantitative real-time PCR (qPCR). The results of qPCR showed that the expression of NDUFB3 was higher in sepsis, whereas the expression of LETMD1 and BCKDHB were lower in SP than in HC (Figure 9A). At the same time, the results of TEM showed that, as compared with the control group, the mitochondria ridge in sepsis was disordered, and broken with obvious vacuolar degeneration (Figure 9B).




Figure 9 | NDUFB3 inhibition attenuated mitochondrial quality imbalance after sepsis. (A) qPCR was conducted to examine the expression of NDUFB3, LETMD1 and BCKDHB in 30 SP and 15 HC samples. ****P< 0.0001 as compared with the SP group. (B) TEM images showed mitochondria cristae damage in heart tissues (bar = 0.5 μm) (n=3). (C) ROS staining immunofluorescence reflected the oxidative stress in H9C2 cells (bar = 20 μm) (n=3). (D) The fluorescence intensity of ROS. (E) JC-1 aggregate/monomer reflected the mitochondrial membrane potential in H9C2 cells (bar = 20 μm) (n=3). (F) The concentration of ATP (n=3). (G) Representative images of mitochondrial morphology in H9C2 cells (bar = 10 μm) (n=3). (H) Ratio (long/short) of mitochondria (long (> 8 µm) and short ≤ 8 µm) was quantified by ImageJ. ****P< 0.01 as compared with the normal group, #P< 0.05 as compared with the LPS group, ###P< 0.001 as compared with the LPS group, ####P< 0.0001 as compared with the LPS group. all data are presented as the mean ± SD.



We further explored the possible roles of DE-MiRGs dysregulation on mitochondrial function in sepsis. As the highest AUC among the three diagnostic biomarkers, we mainly focused on the role of NDUFB3. H9C2 cells were stimulated with LPS to mimic the in vitro sepsis model (25). The fluorescence intensity of ROS (Figures 9C, D) was significantly increased, indicating that oxidative stress occurred in the LPS group. The mitochondrial membrane potential and ATP reduced in H9C2 cells represented the dysfunction of mitochondria (Figures 9E, F). The mitochondrial morphology of H9C2 cells was significantly fragmented, confirming the existence of mitochondrial damage after sepsis (Figures 9G, H). Negative control (siNC) could not improve the mitochondrial function and morphology of H9C2 cells after being treated with LPS (Figures 9C–H). NDUFB3 inhibition by siNDUFB3 (Supplementary Figure 2) could significantly attenuate mitochondrial dysfunctions of H9C2 cells, showing a decreased ROS level, increased mitochondrial membrane potential and ATP (Figures 9C–F). Besides, NDUFB3 inhibition by siNDUFB3 could significantly improve mitochondrial morphology in LPS-treated H9C2 cells (Figures 9G, H). Overall, our results suggested that NDUFB3 is highly expressed in sepsis and plays a vital role in the mitochondrial quality imbalance in LPS -treated H9C2 cells.






Discussion

Sepsis is a potentially life-threatening condition caused by the spread of bacteria or toxins in the bloodstream. Mitochondria, the powerhouses of the cell, play a crucial role in the immune response to sepsis by releasing signals that initiate an inflammatory response and energy production to fight the infection (9). However, mitochondrial dysfunction can exacerbate the severity of septicemia and increase the risk of mortality. In this study, we found the mitochondria ridge in sepsis patients was disordered, broken with obvious vacuolar degeneration by confocal microscope. In vitro experiments subsequently confirmed the existence of mitochondrial damage in sepsis. Mitochonria have been proposed as a key players in the pathogenesis of sepsis. Ultra-structural aterations of mitochondria have been found in animal species (26). Changes in mitochondrial morphology, such as fragmentation and swelling, have been observed in septic patients (27). This evidence is in line with the report that increased mitochondrial respiration and ATP synthesis can reduce oxidative stress, overcome metabolic paralysis, regenerate tissues, organs and innate and adaptive immune cells, which makes sepsis better survival (28). Some drugs targeting mitochondrial are being developed. Some known effective drugs have also been proven to work partially through mitochondrial-related pathways (29). This fact indicates MiRGs could function as therapeutic targets for sepsis patients.

We screened out three MiRGs and verified them again with our specimens. So far, there have been no in-depth studies on sepsis with these three genes. NDUFB3 (NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 3) is an important subunit of mitochondrial respiratory complex I. Our data showed NDUFB3 played an important role in the process of mitochondrial mass imbalance in the simulated sepsis model treated with LPS. However, seldom evidence could be found concerning its functions in sepsis progression. The expression changes of NDUFB3 lead to the production of mitochondrial reactive oxygen species (mtROS) (30). The roles of mtROS in sepsis are twofold. On the one hand, mtROS can be used as bactericidal weapon during infection. However, mtROS levels are essential to induce an effective immune response within a controlled range. When mitochondrial damage occurs, overproduction of mtROS can lead to persistent inflammation, leading to pathologic outcomes such as sepsis (31).

Reports about BCKDHB have focused on its effect on maple syrup urine disease (MSUD). BCKDHB gene is one of the main catalytic subunits of branched ketoate dehydrogenase (BCKDH) in mitochondria. Together with BCKDHA, it forms a branched α-ketoate dehydrogenase E1 complex, which can decompose branched amino acids (32). Increased branched-chain amino acid concentrations were found in a variety of insulin-deficient and resistant states. The mechanism of BCKDH is not fully understood, and the decreased activity of BCKDH may be an important cause (33). Sepsis is associated with hypermetabolism. If the hypermetabolic state persists, life-threatening multisystem organ failure may occur (34). In this case, branched-chain amino acids are important energy substrates for muscles (35, 36). Insulin resistance and inflammation-related metabolic changes in the Sepsis process may be related to branched-chain amino acid metabolism involved in BCKDHB (34). Protein 1 of the LETM1 domain (LETMD1), also known as HCCR-1, is a mitochondrial protein. Limited studies have shown that LETMD1 is essential for the mitochondrial structure and thermogenic function of brown fat cells (37). LETMD1 selectively regulates reactive oxygen generation and NF-κB activation in macrophages through MyD88, thus regulating phagocytosis and inflammatory response to lipopolysaccharide (38). Inflammatory reactions of lipopolysaccharide trigger the secretion of pro-inflammatory cytokines and other biological processes through initiating signal cascades, thus becoming an extremely important link in the process of sepsis and development, and a potential therapeutic target (39, 40).

The correlation analysis of immune cell infiltration suggests the existence of immunosuppressive and depleted microenvironments in sepsis patients. In addition, after dividing sepsis patients into two groups using consensus clustering, we observed the effect of MiRGs on the immune microenvironment of patients with Sepsis. The effect of MiRGs on immune infiltration in other diseases has been reported (41–43). We have observed that DE-MiRG screened in sepsis is associated with neutrophil immune infiltration. Compared with the control group, the levels of neutrophils in patients with sepsis were significantly higher. Neutrophils control the infection by migrating to the inflamed site and exercising their lethal role against the pathogen. In sepsis, neutrophil migration and killing capacity are decreased, resulting in an insufficient response to infections and easy collateral damage to surrounding tissues due to the decline in precision (44). In addition, increased levels of neutrophils in sepsis patients often lead to a number of harmful functions. First, the accumulation of activated neutrophils blocks the capillary lumen, leading to ischemia (45). Secondly, neutrophils that migrate to vital organs can locally release pro-inflammatory and lytic factors that cause local tissue damage (46). As a double-edged sword in the progression of sepsis, the relationship between high neutrophil levels in patients with sepsis and prognosis needs to be further investigated. The consensus clustering further indicated the correlation of these three mitochondria-related hub genes with a high level of neutrophils in sepsis. With increasing evidence that neutrophils may be a promising therapeutic target for sepsis treatment (47), the possibility of MiRGs as therapeutic targets needs to be further explored.

Our data also showed high levels of eosinophils in patients with sepsis and significant differences in eosinophil expression among MiRGs subgroups of sepsis patients. This is consistent with the previously reported conclusion that there is a positive association between increased eosinophilic counts and sepsis compared with non-septic trauma patients admitted to the ICU (48). Currently, there is no consensus on the role of eosinophils in sepsis. Low levels of peripheral eosinophil activity have been reported to be associated with poor survival in sepsis (49). One explanation is that the type 2 immune response is related to eosinophilia. It can balance the pro-inflammatory response of sepsis due to type 1 immune response disorder. Thus, the lack of eosinophils may be a manifestation of an immune imbalance and may thus trigger the secretion of pro-inflammatory cytokines, leading to poorer outcomes (49). In addition, when stimulated by bacterial lipopolysaccharide, eosinophils, can release mtDNA and form extracellular structures with granular proteins that can bind to and kill bacteria, thus contributing to antibacterial defense (50). In general, studies on sepsis, MiRG and the interaction with eosinophils are superficial and need further investigation.

In summary, we identified three MiRGs (BCKDHB, LETMD1, and NDUFB3) by the machine learning algorithm. Subsequently, the role of these hub genes in immune cell infiltration was studied to further understand the immune mechanism in the pathogenesis of sepsis. Differences in the immune micro-environment between subgroups of patients with sepsis provide innovative insights into personalized immunotherapy for sepsis. By qPCR, the high expression of NDUFB3 in sepsis was verified by our clinical specimens. In vitro experiments showed NDUFB3 plays an important role in the process of mitochondrial mass imbalance in the LPS-simulated sepsis model. This study provides new ideas and targets for the intervention and treatment of sepsis. Although we provide risk stratification and potential intervention targets by expanding the pool of sepsis biomarkers including NDUFB3, the scope of application of a single biomarker is limited due to the complexity of sepsis etiology (51). In the future, combined with other studies, the sepsis risk stratification marker pool will be further expanded. Gene array analysis will help reduce the bias of gene selection, in order to accurately evaluate different sepsis subtypes, stages of disease progression and treatment intensity selection (52, 53). There are for sure shortcomings in this study. We have not been able to conduct further experimental verification of the molecular mechanism of NDUFB3 caused mitochondrial mass imbalance. The immune infiltration results were a correlation rather than a more accurate causal analysis. Further in-depth explorations about the role of MiRGs could be done in the future.
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Background

Sepsis is a complex condition involving multiorgan failure, resulting from the hosts’ deleterious systemic immune response to infection. It is characterized by high mortality, with limited effective detection and treatment options. Dysregulated endoplasmic reticulum (ER) stress is directly involved in the pathophysiology of immune-mediated diseases.





Methods

Clinical samples were obtained from Gene Expression Omnibus datasets (i.e., GSE65682, GSE54514, and GSE95233) to perform the differential analysis in this study. A weighted gene co-expression network analysis algorithm combining multiple machine learning algorithms was used to identify the diagnostic biomarkers for sepsis. Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment, and the single-sample gene set enrichment analysis algorithm were used to analyze immune infiltration characteristics in sepsis. PCR analysis and western blotting were used to demonstrate the potential role of TXN in sepsis.





Results

Four ERRGs, namely SET, LPIN1, TXN, and CD74, have been identified as characteristic diagnostic biomarkers for sepsis. Immune infiltration has been repeatedly proved to play a vital role both in sepsis and ER. Subsequently, the immune infiltration characteristics result indicated that the development of sepsis is mediated by immune-related function, as four diagnostic biomarkers were strongly associated with the immune infiltration landscape of sepsis. The biological experiments in vitro and vivo demonstrate TXN is emerging as crucial player in maintaining ER homeostasis in sepsis.





Conclusion

Our research identified novel potential biomarkers for sepsis diagnosis, which point toward a potential strategy for the diagnosis and treatment of sepsis.
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Introduction

Sepsis is a systemic inflammatory disease that remains a major global challenge owing to its high morbidity and mortality rates (1). It is defined as a highly complex infection-induced illness characterized by multiorgan failure. The annual global prevalence of sepsis is over 30 million, with the in-hospital mortality rate estimated at 20%–30% (2). Conventional wisdom has it that the activation of sepsis is associated with an overzealous inflammatory or even immune suppression response to invading pathogens (3). It is generally admitted that excessive activation of the immune response could trigger the complement system, immune dysfunction, metabolic alterations, and the cardiovascular, neurologic, and coagulation cascade, which can ultimately lead to multiple organ dysfunction, aggravating the patient’s illness, and even death (4, 5). As a major challenge in acute care medicine and surgery, no drugs that are convincingly effective have been approved specifically for the clinical treatment of sepsis as yet (6). Therefore, there is a great need to find novel and efficient approaches for the diagnosis and treatment of sepsis.

The endoplasmic reticulum (ER) is a membrane-bound organelle dedicated to the synthesis, folding, and maturation of proteins (7). It performs a vital role in aspects of eukaryotic cell physiology, such as ER calcium homeostasis, hypoxia, inflammation, apoptosis, lipid biosynthesis, and DNA damage (8). Disturbances in ER homeostasis cause the accumulation of unfolded or misfolded proteins in the ER lumen and impaired ER function, which is defined as ER stress (9). An increasing number of studies are showing that ER stress contributes to the progression of various diseases, including obesity, cancer, degenerative disorders, and immune-mediated diseases (10, 11). Dysregulated ER stress is related to inflammation (12). It is widely established that sepsis is a systemic inflammatory response, and the core mechanism of initiation and progression of sepsis is inflammation (13). Consequently, a better understanding of the role of the ER in the progression of sepsis is essential so as to identify novel diagnostic markers and therapeutic targets for sepsis.

The detection of biomarkers promises to offer improved opportunities for disease diagnosis, prognosis, and prevention (14). Therefore, focusing on the role of ER-related genes (ERRGs) in sepsis is becoming crucial in fully understanding the diagnosis, evaluation, and treatment of sepsis. In the present study, we aimed to investigate the association between ERRGs and sepsis based on the GeneCards® database, Gene Ontology (GO) analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment. Four intersection genes were identified as diagnostic biomarkers for sepsis. Furthermore, the relationship between the four diagnostic biomarkers and the immune infiltration characteristic of sepsis was comprehensively explored. The present study is expected to provide novel ideas and biomarkers for the clinical diagnosis and treatment of sepsis.





Materials and methods




Gene Expression Omnibus dataset collection

Three publicly accessible datasets of healthy samples and sepsis samples were obtained from the Gene Expression Omnibus database. A total of 42 healthy samples and 760 sepsis samples were obtained from GSE65682 for the training cohort. Then, samples retrieved from GSE54514 and GSE95233 were used for the test cohort, in which 58 healthy samples and 229 sepsis samples were included. Under the R language, the “sva” package was adopted to remove the batch effect of the expression matrix and normalize the arrays of GSE65682, GSE54514, and GSE95233. The ERRGs were acquired from the GeneCards database (https://www.genecards.org/) (Supplementary Table 1).





Exploration of differentially expressed genes and functional enrichment analysis

For the healthy samples and sepsis samples in the training cohort, the levels of expression of differentially expressed genes (DEGs) were calculated, with the selection cutoff value set at a fold change ≥ 2 and a p-value< 0.05. The “clusterProfiler” package was adopted to explore the GO and KEGG enrichment of DEGs between the healthy and the sepsis samples.





Weighted gene co-expression network analysis and crucial endoplasmic reticulum-related gene identification

We developed a weighted gene co-expression network analysis (WGCNA) algorithm to explore the key gene module associated with clinical traits for healthy and sepsis patients. First, the missing expression data were excluded, and abnormal genes and samples were removed from the data. With the filter threshold of data expression set at 0.5, the samples were clustered in a clustering tree and the outliers were deleted. The scale-free topology model fit was set at an R2 value > 0.85 and the range of soft thresholding powers was set at 1–30. The scale-free network was constructed in accordance with the optimal soft thresholding power. Second, the adjacency was turned into topological overlap, and the module was identified using the dynamic tree cut algorithm. Finally, based on the calculation of Pearson correlation coefficients, the relationship between the module and clinical features was acquired and the most characteristic gene module was chosen for the final investigation. The “Venn” package was chosen to exhibit the overlapping genes from the WCGNA, DEGs, and ERRGs. The protein–protein interaction (PPI) network of the overlapping genes was explored using the STRING database (https://cn.string-db.org/).





The generation of features variates using a machine learning algorithm

Multiple machine learning languages were adopted to explore the feature variates of the key ERRGs for sepsis. The “glmnet” package was used to run the least absolute shrinkage and selection operator (LASSO) algorithm. The “randomForest” package was used to calculate the importance of variates; the cutoff value for selecting characteristic variates was > 5. Support vector machine recursive feature elimination (SVM-RFE) was performed to explore the feature variates via the “e1071”, “caret”, and “kernlab” packages. Overlapping genes from LASSO, the randomForest (RF) algorithm, and SVM-RFE were detected via a Venn diagram and included in the next investigation.





Consensus clustering analysis and immune infiltration characteristics evaluation

Based on the expression profile of diagnostic biomarkers, an unsupervised consensus clustering analysis was developed to explore the molecular subgroups of sepsis using the “ConsensusClusterPlus” package. With the sample distribution k set at 2–9, the optimal classification pattern was calculated. On the basis of an Estimation of STromal and Immune cells in MAlignant Tumours using Expression (ESTIMATE) data assessment, the immune score of sepsis subgroups was obtained. The gene markers and gene expression data for 23 immune cells were investigated. The “limma” package was used to calculate the DEGs of sepsis subgroups, with the cutoff value set at a fold change > 1, and at a p-value< 0.05. The “ggplot2” package was utilized to explore the distribution pattern of sepsis subgroups.





Nomogram development and diagnostic ability evaluation

The “rms” package was used to develop the nomogram model for evaluating the diagnostic ability of SET, LPIN1, TXN, and CD74 for sepsis. The nomogram score was obtained as:



The diagnostic ability of SET, LPIN1, TXN, and CD74 and the nomogram score for sepsis were evaluated using a receiver operating characteristic (ROC) curve.





Western blotting

RIPA buffer [25 mm Tris, at pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)] was used to extract the total protein mass from cells. The proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (0.45 mm; Millipore, Germany). After being incubated with antibodies, the membrane was visualized using an Odyssey® CLx imager (LI-COR, USA). CHOP, GRP78, and GRP94 were purchased from Abcam (USA), and β-actin was purchased from Cell Signalling Technology, Inc. (USA). The intensity of the bands was analyzed by using Quantity One software (version 4.62; Bio-Rad Life Science, California, United States).





qRT-PCR analysis

RNA was extracted from rat whole-blood samples by using TRIzol™ Reagent (Cat# 15596-026, Invitrogen, America) according to the manufacturer’s instructions. cDNA was synthesized using a PrimeScriptTM RT reagent kit (Cat#RR047A, Takara, Japan). For quantitative real-time PCR (qRT-PCR) analysis, triplicate PCR reactions were carried out for each sample in an Mx3000P real-time thermal cycler (Stratagene, America). PCR cycling was initiated with a 2-minute heating step at 94°C and then a run-through of 22–31 cycles (95°C for 10 s, 60°C for 20 s, and 72°C for 30 s) to monitor the linearity of the amplification. The sample was then kept at 72°C for 10 min, and the reaction stopped by decreasing the temperature to 4°C. The β-actin gene was used as an internal control. The quantification of relative mRNA levels was determined as described by Xue et al. (15). The primer sequences used for PCR amplification are shown in Table 1.


Table 1 | Sequences of primers.







Statistical analysis

All statistical analyses were performed in R (version 4.1.1), GraphPad Prism (version 8.0.1), and SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Student’s t-tests and Wilcoxon rank-sum tests were used to detect significant differences between the two groups. One-way ANOVA was used between multiple groups. A p-value< 0.05 was considered to be statistically significant. All data are presented as the mean ± standard deviation (SD).






Results




Analysis of differentially expressed genes and functional enrichment evaluation

A total of 42 healthy samples and 760 sepsis samples were obtained from the GSE65682 dataset to perform the differential analysis in this study (Figure 1). With the screening criteria set at a fold change > 2 and a p-value< 0.05, the DEGs between the healthy and sepsis groups were acquired (Figure 2A). The heatmap exhibits the top 25 up- and downregulated DEGs in the healthy and sepsis groups (Figure 2B). To further explore the molecular function of DEGs in the development of sepsis, we conducted GO and KEGG enrichment analyses. GO enrichment analysis indicated that the DEGs were involved in the positive regulation of kinase activity, dendritic cell antigen processing and presentation, vesicle coating, vesicle transport, and MHC class II protein complex binding (Figure 2C). The KEGG enrichment analysis revealed that the DEGs were linked with the hematopoietic cell lineage, Th17 cell differentiation, and Th1 and Th2 cell differentiation (Figure 2D).




Figure 1 | Study flow.






Figure 2 | Analysis of the DEGs and molecular function enrichment. (A) Volcano analysis of the DEGs between healthy and sepsis groups. (B) Heatmap illustrating the top 25 up- and downregulated DEGs in the healthy and sepsis groups. (C) GO enrichment analysis of the DEGs. (D) KEGG enrichment analysis of the DEGs.







The construction of the WGCNA algorithm to identify the crucial gene module

Based on the clinical features of healthy and sepsis samples from GSE65682, we developed a WGCNA algorithm to identify the crucial gene module associated with the clinicopathological characteristics of sepsis. First, we selected the soft threshold (β = 9) to develop the scale-free network, with the scale-free topology model fit set at an R2 value > 0.85 (Figures 3A, B). As shown in Figure 3C, a total of 18 modules were obtained by the dynamic tree cut algorithm. The heatmap illustrates a clear relationship between the 18 gene modules and clinical traits. We observed that the black module was negatively associated with disease (r = −0.60, p = 4e–80) and age (r = −0.25, p = 2e–12); the red module was positively correlated with disease (r = 0.52, p = 8e–57) and age (r = 0.16, p = 5e–6); and the salmon module was negatively associated with disease (r = −0.36, p = 1e–25) and age (r = −0.095, p = 0.007) (Figure 3D). Combining the correlation analysis of gene modules and clinical traits, we selected the black gene modules for subsequent analysis. As displayed in a Venn diagram, 14 intersection genes were identified as characteristic Differential Expression-Endoplasmic Reticulum-related Genes (DE-ERRGs) for sepsis (Figure 3E). The PPI network was used to explore the association of characteristic variates, and the result showed a clear correlation between the 14 Differential Expression-Endoplasmic Reticulum-related Genes (Figure 3F).




Figure 3 | WGCNA construction of the transcriptome matrix and key DE-ERRGs selection. (A, B) Scale independence and mean connectivity. The soft threshold (power) β = 9. (C) Gene dendrogram and module color. (D) Association between different gene modules and clinical features. (E) Venn plot showing the key DE-ERRGs determined by WGCNA and differential expression analysis. (F) PPI network exhibiting the relationship between the 14 key DE-ERRGs.







Generation of characteristic diagnostic biomarkers via a machine learning algorithm

To further explore the crucial diagnostic biomarkers for sepsis, we developed multiple machine-learning algorithms based on 14 key DE-ERRGs. As exhibited in Figures 4A, B, the LASSO analysis generated the coefficients and lambda of 14 DE-ERRGs, and eight characteristic variates were identified at the minimum lambda value. In addition, the SVM-RFE algorithm selected eight variates for further investigation (Figure 4C). The importance of the 14 DE-ERRGs was explored via the RF algorithm, and seven crucial genes were screened (Figure 4D). Based on the three machine learning algorithms, four intersection characteristic genes were obtained as diagnostic biomarkers, including SET, LPIN1, TXN, and CD74 (Figure 4E). The association analysis illustrated great relatedness between SET, LPIN1, TXN, and CD74 (Figure 4F). A clear positive association was observed between SET, LPIN1 (r = 0.8), and CD74 (r = 0.73), and a negative association was detected between SET and TNX (r = –0.57). LPIN1 was negatively linked with TXN (r = –0.54) and positively associated with CD74 (r = 0.65). TNX was negatively associated with CD74 (r = –0.66).




Figure 4 | Characteristic diagnostic biomarker exploration using machine learning algorithms. (A, B) Identification of feature variates using LASSO analysis. (C) SVM-RFE analysis of 14 key DE-ERRGs. (D) Variate importance of DE-ERRGs determined via the RF algorithm. (E) Venn diagram showing the intersection genes of three machine learning algorithms. (F) Correlation heatmap of diagnostic biomarkers.







The exploration and verification of diagnostic effectiveness

We used the training cohort and the test cohort to explore the independence and diagnostic value of SET, LPIN1, TXN, and CD74 for sepsis. In the training and test cohorts, we observed that the expression profiles of SET, LPIN1, and CD74 were significantly higher in the healthy group, whereas the expression of TXN was much higher in the sepsis group (Figures 5A, B). In addition, a nomogram model was developed to explore the diagnostic effectiveness of the expression profiles of SET, LPIN1, TXN, and CD74 for sepsis in both cohorts (Figures 5C, D). The ROC analysis in the training cohort suggested that the areas under the curve (AUCs) for SET, LPIN1, TXN, CD74, and the nomogram model were 0.987, 0.977, 0.983, 0.991, and 0.997, respectively (Figure 5E). In the test cohort, the AUCs for SET, LPIN1, TXN, CD74, and the nomogram model were 0.662, 0.692, 0.736, 0.619, and 0.796, respectively (Figure 5F). Taken together, these results illustrated a rewarding diagnostic value of four feature biomarkers. Moreover, the nomogram constructed based on the four diagnostic biomarkers could precisely estimate their diagnostic effectiveness for sepsis.




Figure 5 | Nomogram construction and diagnostic effectiveness evaluation. Expression profile of SET, LPIN1, TXN, and CD74 in (A) the training cohort and (B) the test cohort. (C, D) Nomogram developed based on diagnostic biomarker expression profiles in the training and test cohorts. (E, F) Diagnostic effectiveness exploration of diagnostic biomarkers and nomogram.







The generation of molecular subtypes based on the diagnostic biomarkers

To further explore the molecular subtypes of sepsis, we conducted an unsupervised consensus clustering analysis. Based on the expression profile of SET, LPIN1, TXN, and CD74, two molecular subgroups of sepsis were obtained with K = 2, with 375 samples in cluster A and 385 samples in cluster B (Figures 6A-C). A principal component analysis (PCA) diagram displayed a clear intergroup distribution pattern of sepsis in clusters A and B (Figure 6D). A gene set variation analysis (GSVA) was performed to explain the potential molecular mechanisms of sepsis between the subgroups. The GSVA result exhibited that several metabolism-related signaling pathways were upregulated in cluster B, such as glycerophospholipid metabolism, sphingolipid metabolism, and starch and sucrose metabolism. Notably, immune pathways were greatly downregulated in sepsis in cluster B, involving primary immunodeficiency, cell adhesion molecules, and antigen processing and presentation (Figure 6E). Expression analysis of four diagnostic biomarkers suggested that the sepsis samples in cluster A had higher expression of SET, LPIN1, and CD74; however, the expression of TXN was remarkably higher in cluster B (Figure 6F–I).




Figure 6 | Molecular subgroups of sepsis. (A) Consensus matrix for k = 2. (B) Consensus cumulative distribution function (CDF). (C) Delta area. (D) PCA plot of clusters A and B. (E) GSVA estimation of KEGG terms in sepsis. (F–I) Expression levels of SET, LPIN1, TXN, and CD74.







Characteristics of immune infiltration in different molecular subgroups

We performed a difference analysis to explore the potential functional regulation of sepsis in cluster A and cluster B. Under the threshold criteria of a fold change > 1 and with a p-value< 0.05, we obtained 1,968 DEGs (1,051 upregulated and 917 downregulated) between the two subgroups via the “limma” package. The GO enrichment estimation result showed that T-cell activation, mononuclear cell differentiation, lymphocyte differentiation, nuclear specks, and transcription coregulator activity may mediate the function of DEGs in sepsis (Figure 7A). The KEGG result suggested that the DEGs were greatly enriched in human T-cell leukemia virus 1 infection, Salmonella infection, and Epstein–Barr virus infection (Figure 7B). These results implied that immune function may play a crucial role in the development of sepsis. Based on the enrichment evaluations, we further explored the immune score of sepsis in the subgroups. The result suggested that the sepsis samples in cluster B had a lower immune score than those in cluster A (Figure 7C). In addition, the single-sample gene set enrichment analysis (ssGSEA) algorithm was utilized to estimate the immune infiltration characteristic of sepsis in clusters A and B. The result displayed a remarkable difference in 23 kinds of immune cells between the two sepsis subgroups, such as activated B cells, CD4+ T cells, immature dendritic cells, and plasmacytoid dendritic cells (Figure 7D). Overall, these findings illustrated that immune function may mediate the development of sepsis.




Figure 7 | Generation of DEGs and tumor microenvironment (TME) characteristics in subgroups. (A, B) GO and KEGG enrichment evaluation of DEGs in different subgroups. (C) Immune score estimation in sepsis. (D) Immune infiltration feature of 23 immune cells in the sepsis subgroups.







The association of diagnostic biomarker and Immune infiltration characteristic

We further investigated the immune infiltration landscape in the healthy and sepsis groups. Based on a ssGSEA algorithm, the proportions of 23 immune cells were calculated in samples in the healthy and sepsis groups (Figure 8A). The PCA diagram revealed a clear separation between the healthy and sepsis groups based on the immune infiltration score (Figure 8B). The ssGSEA estimation displayed a great difference in the proportions of the 23 immune cells in samples in the healthy and sepsis groups (Figure 8C).




Figure 8 | Evaluation of immune infiltration landscape in healthy and sepsis groups. (A) The percentage of 23 immune cells in the healthy and sepsis groups, as calculated by ssGSEA. (B) PCA plot based on the immune cell fractions. (C) The fractions of cells associated with immune infiltration in healthy and sepsis groups.



Meanwhile, we further explored the relationship between four diagnostic biomarkers and immune infiltration characteristics. As illustrated in Figure 9, the correlation results implied that CD74 was linked with the presence of immature B cells, CD8+ T cells, activated B cells, and T follicular helper cells, but negatively linked with the presence of macrophages, plasmacytoid dendritic cells, and activated dendritic cells. LPIN1 was positively associated with CD8+ T cells, immature B cells, CD4+ T cells, activated B cells, and natural killer T cells, but negatively correlated with activated dendritic cells, macrophages, natural killer cells, and plasmacytoid dendritic cells. SET was positively correlated with activated B cells, CD4+ T cells, immature B cells, and CD8+ T cells, but negatively correlated with macrophages, activated dendritic cells, plasmacytoid dendritic cells, and natural killer cells. TXN was positively associated with plasmacytoid dendritic cells, activated dendritic cells, and macrophages, but negatively associated with immature B cells. These results demonstrated a remarkable difference in healthy and sepsis groups in immune infiltration, and that this result is greatly associated with the upregulation of CD74, LPIN1, SET, and TXN.




Figure 9 | Correlation analysis of four biomarkers and immune infiltration features. The lollipop plots show the relationship between immune infiltration characteristics and CD74 (A), LPIN1 (B), SET (C), and TXN (D).







The inhibition of TXN can reduce endoplasmic reticulum stress in cardiomyocytes after sepsis

Through PCR analysis, it was found that levels of CD74, LPIN1, and SET were significantly decreased after sepsis in rats, whereas the level of TXN was significantly increased after sepsis in rats, which was consistent with the results of bioinformatics (Figures 10A-D). To clarify the role of these key genes in the regulation of endoplasmic reticulum stress. We first used the biomarkers of ER stress (i.e., CHOP, GRP78, and GRP94) that were previously reported to observe whether or not lipopolysaccharide (LPS) stimulation can cause endoplasmic reticulum stress. The results showed that after being treated with LPS, the biomarkers of ER stress were significantly increased (Figures 10E-H). Because TXN was significantly upregulated in sepsis and had a good AUC in the training and validation sets, we also observed the effect of interfering TXN on ER stress after LPS stimulation. The results showed that after being treated with siTXN (20 nM or 50 nM), the expressions of CHOP, GRP78, and GRP94 were significantly decreased, and the effect of 50 nM was better (Figures 10I-L).




Figure 10 | The effect of TXN on endoplasmic reticulum stress of cardiomyocytes after sepsis, including the levels of CD74 (A), LPIN1 (B), SET (C), and TXN (D), as detected by qPCR in control and sepsis rats (n = 6). (E–H) The expressions of CHOP, GRP78, and GRP94 after sepsis (n = 3). (I–L) The expressions of CHOP, GRP78, and GRP94 after being treated with siTXN (n = 3). Results are expressed as mean ± SD. Each analysis in vitro was performed in triplicate. Significance level: *p< 0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001 versus control; #p< 0.05, ##p< 0.01, ###p< 0.001, and ####p< 0.0001 versus sepsis.








Discussion

Sepsis has been recognized as a life-threatening illness, characterized by multiorgan dysfunction, which results in high morbidity and mortality, with limited pharmacologic therapy (13). An immunosuppressive status is the main cause of increased mortality in patients with advanced sepsis (16). Research suggests that timely diagnosis and treatment could effectively reduce the mortality of sepsis patients (17). In the current study, 14 intersection genes were identified as characteristic DE-ERRGs of sepsis. We then identified four ERRGs as diagnostic biomarkers for sepsis, through multiple machine learning algorithms, including SET, LPIN1, TXN, and CD74. The diagnostic effectiveness of these four biomarkers for sepsis was further proved by the construction of a nomogram. Notably, our investigation also found that immune-related function played a vital role in mediating the development of sepsis, while at the same time being greatly associated with four diagnostic biomarkers. Taken together, our research suggests novel potential biomarkers for sepsis diagnosis, which offers new options for the diagnosis and treatment of sepsis.

As a major site for the synthesis of membrane and secretory proteins, the ER is critical for the maintenance of intracellular protein function (18). The disruption to ER homeostasis could lead to ER stress, which has been implicated in a wide range of pathologies, including inflammatory diseases (19). Previous studies have pointed out that ER stress has the potential to result in proinflammatory signaling (20). In this study, we focused on the relationship between ERRGs and sepsis. The association analysis illustrated notable relationships between four ERRGs (including SET, LPIN1, TXN, and CD74) and sepsis. The expression profiles of SET, LPIN1, and CD74 were significantly lower in the sepsis patients, whereas the expression of TXN was much higher. SET is a multifunctional histone chaperone localized in the nucleus predominantly, regulating chromatin condensation and transcription, and involved in many cellular processes (21). Fan et al. have proposed that, as a component complex in the ER, SET mediates caspase-independent nuclease activity triggered by granzyme A (22). The silencing or inhibition of SET impaired cell growth in a variety of human diseases (23). LPIN1 is the major culprit in metabolic myopathies, mitochondrial diseases, abnormal lipid metabolism, and inflammation (24). It could encode lipin-1, dephosphorylating phosphatidic acid to form diacylglycerol in the ER (24). It was reported that CD74 is an attractive candidate biomarker for immunotherapy (25). Various research had indicated that CD74 was expressed abnormally in inflammatory disorders, whereas its role in sepsis was still unknown (25). Thioredoxin (TXN) is a ubiquitous oxidoreductase regenerated from TXNRD2. Previous studies have proposed that the knockdown of TXN could inhibit cell proliferation (26). TXN is considered critical for the inflammatory condition, which is being investigated for the treatment of many diseases (26). Previous studies have suggested that TXN is involved in the immune response and oxidation–reduction processes. It participated in the defense against oxidative stress by controlling cellular free radicals and reactive oxygen species (27, 28). The aforementioned studies implied that the four ERRGs were expressed abnormally in inflammation-related diseases especially, indicating the potential diagnostic value of four feature biomarkers in sepsis. Subsequently, the nomogram model we constructed confirmed the diagnostic effectiveness of the four ERRGs for sepsis.

Immune response has been repeatedly shown to play a vital role both in sepsis and ER stress (29, 30). Sepsis perturbs immune homeostasis in humans (31). Based on the expression profile of the four ERRGs, we divided the patients with sepsis into two molecular subgroups. After the analysis of immune infiltration characteristics in the two molecular subgroups, the immune-related function was proven to play an essential role in the development of sepsis, which is in concordance with previous literature (32, 33). Notably, a remarkable difference was found in 23 kinds of immune cells between the two sepsis subgroups, especially activated B cells, CD4+ T cells, immature dendritic cells, and plasmacytoid dendritic cells. Previous research has shown that T/B cells displayed immune dysfunction, which was linked to increased morbidity and mortality in sepsis (34). Dendritic cell apoptosis was a central pathogenic event during sepsis-induced immunosuppression (35). Meanwhile, the correlation results further verified the association between the four ERRGs and immune cells. Overall, the findings indicated the immune status of patients with sepsis strongly suggested that the four diagnostic biomarkers were strongly associated with the immune infiltration landscape.

Another supportive fact for our study was that the mRNA expression levels of CD74, LPIN1, and SET were downregulated in rats with sepsis, whereas TXN was upregulated. Previous studies have shown that CHOP, GRP78, and GRP94 were considered a hallmark of ER stress (36, 37). CHOP and GRP78 are the critical transcriptional genes of molecular chaperones in the ER, which could be activated by the ER stress response (38). The expression of CHOP could eventually be triggered by ER stress, while GRP78 and GRP94 are upregulated (39). In the present study, we found that the ER stress could be triggered by LPS-induced sepsis. The protein abundance and mRNA levels of CHOP, GRP78, and GRP94 were significantly upregulated in LPS-induced sepsis, consistent with reports in the previous literature. Interestingly, the aforementioned phenotypes of ER stress in sepsis may be rescued by TXN knockdown. Given the above findings, it seems likely that TXN, a unique ERRG in sepsis, is emerging as an important player in sepsis diagnosis.

Taken together, four ERRGs were identified as diagnostic biomarkers for sepsis in the present study, including SET, LPIN1, TXN, and CD74. The analysis of immune infiltration further proved the immune mechanism in sepsis pathogenesis, providing strong support for four biomarkers for sepsis diagnosis. The results of molecular biological experiments in vitro and in vivo further support the fact that TXN is a key player in maintaining ER homeostasis in sepsis. Collectively, our research provides novel potential biomarkers and offers new options for the diagnosis and treatment of sepsis.
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Background

Owing to the complex pathophysiological features and heterogeneity of sepsis, current diagnostic methods are not sufficiently precise or timely, causing a delay in treatment. It has been suggested that mitochondrial dysfunction plays a critical role in sepsis. However, the role and mechanism of mitochondria-related genes in the diagnostic and immune microenvironment of sepsis have not been sufficiently investigated.





Methods

Mitochondria-related differentially expressed genes (DEGs) were identified between human sepsis and normal samples from GSE65682 dataset. Least absolute shrinkage and selection operator (LASSO) regression and the Support Vector Machine (SVM) analyses were carried out to locate potential diagnostic biomarkers. Gene ontology and gene set enrichment analyses were conducted to identify the key signaling pathways associated with these biomarker genes. Furthermore, correlation of these genes with the proportion of infiltrating immune cells was estimated using CIBERSORT. The expression and diagnostic value of the diagnostic genes were evaluated using GSE9960 and GSE134347 datasets and septic patients. Furthermore, we established an in vitro sepsis model using lipopolysaccharide (1 µg/mL)-stimulated CP-M191 cells. Mitochondrial morphology and function were evaluated in PBMCs from septic patients and CP-M191 cells, respectively.





Results

In this study, 647 mitochondrion-related DEGs were obtained. Machine learning confirmed six critical mitochondrion-related DEGs, including PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14. We then developed a diagnostic model using the six genes, and receiver operating characteristic (ROC) curves indicated that the novel diagnostic model based on the above six critical genes screened sepsis samples from normal samples with area under the curve (AUC) = 1.000, which was further demonstrated in the GSE9960 and GSE134347 datasets and our cohort. Importantly, we also found that the expression of these genes was associated with different kinds of immune cells. In addition, mitochondrial dysfunction was mainly manifested by the promotion of mitochondrial fragmentation (p<0.05), impaired mitochondrial respiration (p<0.05), decreased mitochondrial membrane potential (p<0.05), and increased reactive oxygen species (ROS) generation (p<0.05) in human sepsis and LPS-simulated in vitro sepsis models.





Conclusion

We constructed a novel diagnostic model containing six MRGs, which has the potential to be an innovative tool for the early diagnosis of sepsis.
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1 Introduction

Sepsis is defined as organ dysfunction syndrome caused by an uncontrolled inflammatory response to infection (1, 2). It is one of the leading causes of death and is responsible for 30% of all fatal cases that occur in hospitalized patients (3, 4). The septic response is an extremely complicated chain of events that includes humoral and cellular reactions, inflammatory and anti-inflammatory processes, and circulatory abnormalities (5). Even though mortality and morbidity rates are high, no sepsis-specific treatments are currently available for clinical use (6). The highly variable nature of the signs and symptoms of sepsis makes it difficult to diagnose and determine its severity when it has already developed. Given this, making an early diagnosis and categorizing the severity of sepsis is critical because timely implementation of targeted interventions improves outcomes (7).

Over the past few decades, researchers have studied the different phases of the inflammatory response during sepsis and septic shock. Dysregulated host response or immune dysfunction is related to defective natural killer (NK) cell activity, defective antigen presentation, neutrophil abnormalities, decreased immunoglobulin levels, complement consumption, hypercytokinemia, and defective bacterial removal (8, 9). A multitude of related biomarkers has been proposed to aid the diagnosis of sepsis, such as procalcitonin, C-reactive protein, and lactate (10, 11). However, these biomarkers are limited by their sensitivity and specificity and do not accurately assess the development of sepsis. Therefore, it is crucial to explore the pathogenesis of sepsis in depth and screen for new targets.

Recent studies have shown that cell death is relatively uncommon in sepsis, which suggests that processes other than cell death are responsible for mortality (12, 13). Moreover, accumulating evidence supports the hypothesis that the inability of the cell to use oxygen as a fuel source may play a significant role in the pathogenesis of sepsis (14, 15). Because mitochondrial O2 consumption accounts for 90% of the body’s total O2 consumption, impaired O2 utilization and dysfunctional mitochondria may be responsible for the distinctive features of sepsis (16, 17). In addition, septic patients produce an abnormally high amount of oxidants. Consequently, these oxidants might be the source of the abnormalities described above, which ultimately results in an increased mortality rate.

Mitochondria are specialized intracellular structures enclosed by a double-layer membrane and are the hub for cellular metabolism, participating in a series of important cellular processes, including oxidative phosphorylation, the tricarboxylic acid cycle, maintenance of intracellular calcium homeostasis, and production and maintenance of reactive oxygen species (ROS) (18, 19). During sepsis development, the mitochondria undergo morphological and functional damage in many ways. Liang et al. found that the mitochondrial morphology of cardiomyocytes in an animal model of sepsis was irregular, with significant swelling and vacuolar degeneration, and evident mitochondrial crest rupture was noted in the swelling mitochondria (20). Zhang et al. found similar results. In addition to abnormal mitochondrial morphology, sepsis impairs mitochondrial function, resulting in a significant decrease in mitochondrial membrane potential (21). However, the specific mechanisms still require further investigation. Gene expression profiles obtained from septic patients provide a wealth of information that could mitigate the effects of selection bias and illustrate a wide variety of biological responses (22, 23). The understanding of sepsis is supported by genes and pathways that are up- or downregulated in relation to the condition. Thus, we were curious whether mitochondrion-related genes could be utilized as novel diagnostic factors for sepsis.

In recent years, an increasing number of studies have used machine-learning algorithms to screen prospective diagnostic genes in a variety of disorders based on high-throughput sequencing (24–26). Using machine learning techniques, the primary objective of this study was to locate important diagnostic mitochondrion-related genes. In addition, we further investigated their relationship to immunological infiltration. Furthermore, using Transmission electron microscopy (TEM) analysis, mitochondrial respiration measurements, mitochondrial membrane potential, and mitochondrial ROS production analyses, we observed mitochondrial morphology and function changes in peripheral blood mononuclear cells (PBMCs) derived from septic patients as well as in CP-M191 cells.




2 Materials and methods



2.1 Data collection and preprocessing

Public gene expression matrices (GSE65682, GSE9960, GSE134347) were obtained from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The GSE65682 dataset included 802 samples, which comprised 40 healthy controls and 760 septic patients (Table S1). Gene expression profiles of PBMC using array technology were included in the GSE9960 dataset. These profiles were obtained from 54 adult septic patients and 16 healthy controls. The primary data accession number for the HTA2.0 microarray data acquired from GEO was GSE134347. This dataset included 82 healthy individuals and 156 septic patients. The lumi package in R was used to process the raw data included within these three datasets. The 1513 mitochondrion-related genes were searched from the Gene Set Enrichment Analysis (GSEA), Gene Cards, and UniProt databases (27) and are shown in Table S2.




2.2 Differential expression analysis

We accessed the GSE65682 database and collected the expression data of all 1513 mitochondria-related genes (MRGs) from normal samples as well as samples from septic patients. Following that, the Wilcoxon Rank-Sum Test was carried out in R in order to identify the genes associated with mitochondria that exhibited distinct levels of expression in the two distinct samples. Genes that had a p-value of less than 0.05 were regarded as significant.




2.3 Function enrichment analysis of differentially expressed genes

Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were carried out using clusterProfiler (28) software to determine the potential functions and pathways of differentially expressed MRGs (DEMRGs). The visualization module found in clusterProfiler was used to display the results of the analysis. The cutoff value was set at P < 0.05. The “clusterProfiler” and DOSE packages in R were utilized in order to conduct disease ontology (DO) enrichment analyses on DEMRGs. GSEA is a computational method used to determine whether a predefined set of genes exhibits significant differences between two biological states and is commonly used to estimate changes in pathway and biological process activity in samples from expression datasets.

For the reference gene set, we used the “c2.cp.kegg.v7.0. symbols.gmt” file from the Molecular Signatures Database (MSigDB) (29). If the value of P < 0.05, and the false discovery rate < 0.025, then a gene collection was considered to be significantly enriched.




2.4 Construction of the LASSO model and the SVM-RFE feature selection process

Diagnostic MRGs of sepsis were categorized using least absolute shrinkage and selection operator (LASSO) regression and the Support Vector Machine (SVM) algorithm. The LASSO algorithm was performed using the “glmnet (4.1.7)” package. The response type was configured to be binomial, and the alpha was set to 1. In addition, SVM is a surveillant machine learning approach to support vectors. It discovers the best variables by eliminating the feature vectors generated by the SVM. The SVM classifier found in the R package e1071 (1.7.13) was used to classify the chosen biomarkers in the sepsis diagnosis process. The k-fold cross validation was set to a value of five, and the parameter of halving above was determined to be 100.




2.5 ceRNA

Competing endogenous RNA (ceRNA) is a role element that can compete to bind to RNA. A ceRNA regulatory network refers to the entire regulatory network involving ceRNAs, which usually consists of mRNA, miRNAs, and lncRNAs. We constructed the mRNA–miRNA–lncRNA regulatory network using the starBase and miRanda databases, which was subsequently visualized using Cytoscape.




2.6 Immune cell infiltration

A bioinformatics tool known as CIBERSORT (https://cibersortx.stanford.edu/) was utilized to compute immune cell infiltration in sepsis. This was performed to quantify the relative proportions of infiltrating immune cells based on the gene expression profiles observed in sepsis. A reference set consisting of 22 distinct immune cell subtypes (LM22) and 1000 different permutations was utilized to estimate the potential number of immune cells. The “corrplot” R package was used to do correlation analysis as well as visualization of 22 different types of immune cells. To visualize the variations in immune cell infiltration between the sepsis and control samples, violin plots were generated using the “vioplot” R package. Correlation analyses were performed to analyze the relationships between the expression of MRGs and immune cells.




2.7 Patients and samples

A total of 15 septic patients and 15 healthy volunteers at The Second Affiliated Hospital of Chongqing Medical University between September 2021 and July 2022 were included in the present study, and their blood samples were provided. The participants or their legal representatives were asked to provide written informed permission for the study. The study was approved by the Medical Ethics Committee of The Second Affiliated Hospital of Chongqing Medical University (ID:2022-190). The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) were used to diagnose sepsis (30).

Blood samples were collected by venipuncture, and PBMCs were separated using Ficoll-Paque density gradient centrifugation as per the manufacturer’s instructions (31). PBMC (1 × 105 cells/well) were cultured in complete RPMI-1640 media as usual and prepared for subsequent experiments.




2.8 Model preparation

CP-M191 cells were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum, maintained at 37°C, and cultured in a humidified environment of 5% CO2/95% air. When the cells reached a confluence of over 70% in the culture medium, they were randomly treated with DMEM (CON group) or 1 µg/mL LPS (LPS group) for 24 h. After treatment, the cells were collected for relevant experiments.




2.9 Quantitative RT-PCR

Total RNA was extracted from each sample using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Using a PrimeScript™ RT kit (Takara, Japan), RNA was reverse transcribed into cDNA to detect relative mRNA levels using qPCR (Bio-Rad). Relative gene expression levels were calculated using the 2-ΔΔct method. GAPDH was used as an internal control. Primers used in these experiments are listed in Table S3. All experiments were repeated three times.




2.10 Transmission electron microscopy

PBMCs were fixed in 2.5% (w/v) glutaraldehyde for 24 h, washed with PBS three times, stained with 1% osmium tetroxide, and then dehydrated in a graded series of ethanol (65%, 70%, 75%, 80%, and 95% for 10 min each). Subsequently, the samples were incubated with tert-butoxide for 10 min and then dried with CO2 (carbon dioxide), stained with uranyl acetate, and coated with gold (Au) using an ion sputter coater. Finally, the samples were viewed and imaged using a transmission electron microscope (H-7500, Hitachi Company, Japan) (32).




2.11 Mitochondrial morphology

PBMCs were seeded on confocal culture plates at a density of 1 × 105 cells/well and cultured for approximately 2 days for confocal imaging. Mitochondrial morphology was observed as previously described (33). MitoTracker (Deep Red, 100 nM) was added, and the cells were incubated for 30 min. Subsequently, the mitochondria were observed using an inverted confocal microscope (Leica TCS SP5; Leica Microsystems) with a 60 × 1:3 NA oil immersion objective. Red fluorescence was excited using a 633 nm laser, and the emission spectra were obtained at 655–670 nm. Image-Pro Plus software was used to measure and compute the mitochondrial length and aspect ratios.




2.12 Measurement of intracellular ROS

Intracellular ROS levels were measured as previously described (34). The ROS assay working solution was added to the cells, which were then incubated for 30 min. The cells were imaged using a Leica TCS SP5. Green fluorescence was excited with a 488 nm laser, and emission spectra were obtained at 501–563 nm. Images were analyzed using Image-Pro Plus software.




2.13 Mitochondrial membrane potential (△Ψm) assay

Mitochondrial membrane potential was measured as previously described (35). JC-1 staining working solution was added to the cells, which were then incubated for 30 min. The cells were imaged using a Leica TCS SP5. The monomer was excited with a 488-nm laser, and emission spectra were obtained at 501–563 nm. Aggregate fluorescence was excited using a 633-nm laser, and emission spectra were obtained at 558–617 nm. Images were analyzed using Image-Pro Plus software.




2.14 Mitochondrial oxygen consumption rate

The oxygen consumption rate (OCR) was measured using a 24-well XFe plate (Seahorse, Agilent Cell Analysis Technology, USA). When cells reached 70% confluence (3-4 × 104/well), cells were treated with LPS for 12 h. Before detection, the basic assay medium contained 2.5 μM glucose and 2 mM glutamine was used to culture cells for 50 min, after which 2 μM oligomycin, 1 μM FCCP, and 0.5 μM rotenone/antimycin A were sequentially added. The OCR was measured using an extracellular flux analyzer under mitochondrial stress test conditions.




2.15 Statistical analysis

Statistical analyses were performed using R software (https://www.r-project.org/, v4.0.1). For between-group comparisons of continuous variables, an independent t-test was used to compare normally distributed variables, and a Wilcoxon rank-sum test was used to compare non-normally distributed variables. A receiver operating characteristic (ROC) curve was plotted to predict binary categorical variables using the pROC package. All p-values were two-sided, and statistical significance was set at p < 0.05.





3 Results



3.1 Identification of DEGs in sepsis

In this study, retrospective data analysis was conducted on 760 sepsis samples and 42 control samples obtained from the GSE65682 datasets. A total of 647 DEGs were discovered that were associated with mitochondria. Among them, 294 genes were significantly upregulated, while 353 genes were significantly downregulated (Figure 1). Workflow of the study was shown in Figure S1.




Figure 1 | Mitochondria-related DEGs between sepsis samples and normal samples from GSE65682 datasets.






3.2 Functional enrichment analysis of DEGs

Enrichment analyses of GO and KEGG were performed with the help of the ClusterProfiler software package to investigate the potential biological function of mitochondria-related DEGs. The results of GO analyses indicated that the DEGs were mainly associated with mitochondrial transport, energy derivation by oxidation of organic compounds, cellular respiration, mitochondrial gene expression, mitochondrial matrix, mitochondrial inner membrane, electron transfer activity, and structural constituents of the ribosome (Figures 2A, B, Table S4). We then performed KEGG assays and found that the DEGs were mainly enriched in pathways of neurodegeneration-multiple diseases, amyotrophic lateral sclerosis, Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, and diabetic cardiomyopathy (Figure 2C, Table S5). Finally, DO assays indicated that the DEGs were mainly related to autonomic nervous system neoplasm, neuroblastoma, peripheral nervous system neoplasm, muscular disease, tauopathy, myopathy, and muscle tissue disease (Figure 2D, Table S6).




Figure 2 | Functional enrichment analysis of DEGs in sepsis samples. (A, B) The most significantly enriched GO terms of DEGs. (C) KEGG pathway enrichment analysis of DEGs. (D) Disease ontology enrichment analysis of DEGs.






3.3 Identification and construction of a diagnostic model for sepsis

To identify mitochondrion-related biomarkers of sepsis, two distinct machine-learning algorithms were applied. Using the LASSO algorithm, 29 variables were identified as diagnostic biomarkers for sepsis (Figures 3A, B). In addition, the SVM-RFE algorithm was used to narrow down the features of mitochondria-related DEGs to a subset of seven variables (Figures 3C, D). The final choice was made based on the six shared genes of these two algorithms: CS, CYP1B1, FLVCR1, IFIT2, MAPK14, and PID1 (Figure 3E). We created a logistic regression model using the R package glm based on the aforementioned six marker genes, and ROC assays showed that the six gene-based logistic regression model distinguished normal and sepsis samples with an area under the curve (AUC) value of 1.000 (Figure 3F). In addition, ROC curves were constructed for the six marker genes in order to shed light on the individual genes’ capabilities in terms of identifying sepsis from normal samples. The AUC was higher than 0.8 for every gene, as shown in Figure 3G. Based on the information shown above, it appears that the novel diagnostic model provided a higher level of accuracy and specificity than the individual marker genes in distinguishing sepsis samples from normal samples.




Figure 3 | Gene signature of six mitochondrion-related genes was identified as a diagnostic model for sepsis. (A, B) LASSO methods. (C, D) SVM-RFE algorithm to identify the optimal combination of feature genes. (E) Critical genes from the LASSO and SVM-RFE methods. (F) AUC of sepsis using ROC assays. (G) ROC assays for the six critical genes.






3.4 Functional assays of the six diagnostic genes using GSEA pathway analysis

We ran a single-gene version of GSEA-KEGG to investigate the potential function of marker genes. Figures 4A–F showed the top six pathways that were enriched for each marker gene. For CS, the top three pathways that were enriched in ASTHMA, DNA_REPLICATION, INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION. CYP1B1 were enriched in CELL_ADHESION_MOLECULES_CAMS, NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION, OLFACTORY_TRANSDUCTION. FLVCR1 were enriched in ALLOGRAFT_REJECTION, ANTIGEN_PROCESSING_AND_PRESENTATION, GRAFT_VERSUS_HOST_DISEASE. IFIT2 were enriched in KEGG_ALLOGRAFT_REJECTION, ANTIGEN_PROCESSING_AND_PRESENTATION, GRAFT_VERSUS_HOST_DISEASE. MAPK14 were enriched in ALLOGRAFT_REJECTION, ANTIGEN_PROCESSING_AND_PRESENTATION, AUTOIMMUNE_THYROID_DISEASE. PID1 were enriched in ALLOGRAFT_REJECTION, AUTOIMMUNE_THYROID_DISEASE, CELL_CYCLE. After a comprehensive analysis, we found that these genes were enriched in pathways related to immune function and mitochondrial function.




Figure 4 | Single-gene GSEA-KEGG pathway analysis for (A) CS, (B) CYP1B1, (C) FLVCR1, (D) IFIT2, (E) MAPK14, and (F) PID1.






3.5 ceRNA networks based on the six diagnostic genes

To explore the possible mechanisms involved in the dysregulation of diagnostic genes, we constructed a ceRNA network based on six marker genes using the starBase and miRanda databases. The network included 371 nodes (6 marker genes, 201 miRNAs, and 164 lncRNAs) (Table S7), and the specific network is shown in Figure 5A. Furthermore, 30 primary miRNAs simultaneously controlled multiple diagnostic genes. Among them, three miRNAs were able to control more than two mRNA, including hsa-miR-630 (controlling CS, FLVCR1, and PID1), hsa-miR-548x-3p (controlling CS, CYP1B1, and PID1), and hsa-miR-590-3p (controlling CS, CYP1B1, and FLVCR1) (Figure 5B).




Figure 5 | Construction of ceRNA network based on six marker genes. (A) ceRNA network based on six marker genes. (B) UpSet plot was utilized to present the interaction network of marker genes and miRNAs.






3.6 Correlation of six diagnostic genes with the proportion of infiltrating immune cells

The proportion of infiltrating immune subsets was assessed using the CIBERSORT method, and 22 different immune cell profiles in sepsis samples were created to further demonstrate the association between the six diagnostic genes and the immunological microenvironment. Using the CIBERSORT approach, we investigated the pattern of immune cells. Figures 6A, B, respectively, show its makeup in sepsis samples as well as the relationships among immune cells. Figure 6C demonstrates that a significant number of immune cells were aberrantly regulated when comparing sepsis samples to normal samples. In addition, Pearson’s correlation analysis revealed that PID1 expression was negatively associated with numerous types of immune cells, such as B cell memory cells, eosinophils, and M0 and M1 macrophages. In addition, PID1 expression was positively associated with resting monocytes and CD4 memory resting T cells (Figure 6D). Importantly, we also found that the expression of CS, CYP1B1, FLVCR1, IFIT2, and MAPK14 was associated with many different kinds of immune cells (Figure 6D). These data suggest that alterations in the immunological microenvironment of septic patients could be connected to PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14.




Figure 6 | Immune infiltration analysis in septic patients. (A) Bar plot illustrating the percentage of 22 different immune cell types found in sepsis samples and normal samples. (B) Heatmap displaying the association between 22 different types of immune cells. (C) Violin plot showing the ratio differentiation of 22 types of immune cells between normal samples and sepsis samples. (D) Heatmap showing the correlation of immune cells with the expression of the six critical genes.






3.7 Expression and diagnostic value of the diagnostic genes in the external dataset and the cohort dataset

We next analyzed the expression of PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14 in GSE65682 and GSE134347 datasets. As shown in Figures 7A, B, we found that the expression of MAPK14 and CYP1B1 was distinctly increased in sepsis samples compared with normal samples, while the expression of PID1, CS, FLVCR1, and IFIT2 was distinctly decreased in sepsis samples compared with normal samples. Moreover, we analyzed the GSE134347 and GSE9960 datasets using the six-gene diagnostic model, which showed a strong diagnostic value in the GSE134347 dataset with an AUC of 0.998 (Figures 7C, D) and in the GSE9960 dataset with an AUC of 0.795 (Figure 7E, F).




Figure 7 | Expression and diagnostic value of the six mitochondrion-related gene signature in the external dataset. Expression of PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14 in (A) GSE65682 and (B) GSE134347 datasets. Diagnostic value of the six mitochondrion-related gene signature was examined in (C, D) GSE134347 and (E, F) GSE9960 datasets.



To further demonstrate the expression pattern of the diagnostic genes, we collected 15 sepsis samples and 15 normal samples. The results of RT-PCR indicated that MAPK14 and CYP1B1 were highly expressed in sepsis samples. In addition, CS, FLVCR1, and IFIT2 exhibited lower expression in sepsis samples, which was consistent with the above results (Figure 8A). Finally, the new diagnostic model showed good diagnostic value with an AUC of 1.000 (Figure 8B). ROC curves were constructed for each of the six genes. As shown in Figure 8C, the AUC for CS, CYP1B1, FLVCR1, IFIT2, and MAPK14 was greater than 0.7. Thus, the diagnostic model was further confirmed in our cohort.




Figure 8 | Expression and diagnostic value of the six mitochondrion-related gene signature in the cohort dataset. (A) qRT-PCR results for the expression of PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14 in our cohort. (B) AUC of sepsis samples using ROC analysis. (C) ROC analysis for the six critical genes.






3.8 Mitochondrial dysfunction in PBMCs from septic patients and LPS-induced CP-M191 cells

The above results confirm the value of abnormal mitochondrion-related gene expression in the early diagnosis of sepsis, and we further verified the changes in mitochondrial function in sepsis. We first evaluated mitochondrial morphology. The TEM results showed that the mitochondria in blood PBMCs of the healthy population had good morphology and dense internal cristae structure, while the mitochondria in blood PBMCs of septic patients were severely swollen and showed more vacuolation (Figure 9A). Using the Seahorse mitochondrial metabolism analyzer to detect mitochondrial metabolism in blood PBMCs in each patient group, OCR analysis revealed that the maximum respiratory capacity and basal respiratory capacity of mitochondria in blood PBMCs of septic patients were significantly lower (p<0.05) than those of the healthy population (Figures 9B, C), suggesting that blood PBMCs of septic patients had severe disorders of mitochondrial metabolism.




Figure 9 | Mitochondrial dysfunction in PBMCs of septic patients. (A) TEM analysis of PBMC ultrastructure in healthy controls and septic patients. (B, C) Determination of mitochondrial OCR in PBMCs isolated from septic patients and control patients. Baseline OCR and maximal respiratory capacity were recorded.



We further observed LPS-stimulated CP-M191 cells in a cellular model wherein we also observed significant changes in mitochondrial morphology (Figure 10A), which mainly manifested as mitochondrial fragmentation and excessive mitochondrial division (p<0.05) (Figure 10B). The mitochondrial function assay revealed that LPS-stimulated CP-M191 cells had severe ROS accumulation compared with the control group (p<0.05) (Figure 10C), which was mainly related to the massive production of mitochondrial ROS (p< 0.05) (Figures 10D, E). In addition, confocal microscopy results further revealed that the mitochondrial membrane potential was higher in normal CP-M191 cells, whereas it was significantly reduced after LPS stimulation (p<0.05) (Figures 10F, G).




Figure 10 | LPS-induced mitochondrial dysfunction in CP-M191 cells. CP-M191 cells were treated in vitro with 10 μg/ml LPS for 24 h. (A, B) Representative confocal images of CP-M191 cells mitochondrial morphology in each group (bar = 15 μm) and analysis of mitochondrial skeletons using Image J software. (C) Representative confocal images of ROS fluorescence intensity in CP-M191 cells (bar = 20 μm). (D) Representative images of CP-M191 cells loaded with the mitochondrial superoxide indicator MitoSOX Red to analyze mitochondrial ROS production (bar = 20 μm). (E) Statistical analysis of ROS in CP-M191 cells (n = 5). (F) Representative confocal images of mitochondrial membrane potential (ΔΨm) of CP-M191 cells, which were labeled with JC-1 monomer (green fluorescent probe) and JC-1 aggregate (red fluorescent probe) (bar = 20 μm). (G) Statistical analysis of ΔΨm in CP-M191 cells (n = 5). Data are presented as mean ± standard deviation.



The above results confirm the occurrence of mitochondrial dysfunction in PBMCs of sepsis at both the overall and cellular levels. Therefore, the use of these screened mitochondrion-related biomarkers for sepsis diagnosis is feasible.





4 Discussion

The tissue perfusion index, indicators of organ function, inflammatory variables, and hemodynamic indices are among the biomarkers associated with sepsis (36, 37). However, neither the specificity nor the sensitivity of these indicators is sufficient. Therefore, a more accurate diagnosis of sepsis requires the use of biomarkers that have a greater level of both specificity and sensitivity, which are essential for timely and effective treatment and improved prognosis.

Excessive inflammation has been identified as a core determinant of the development of sepsis-related organ injury (38), in addition, recent research has revealed that development of sepsis is associated with alterations in mitochondrial structure and function (39, 40). Sepsis organ dysfunction, such as septic cardiomyopathy, is closely associated with mitochondrial dysfunction (41, 42). Previously, few studies have focused on the value of mitochondria-related genes in the early diagnosis of sepsis. Therefore, the objectives of this study were to search for potential diagnostic biomarkers of sepsis and examine their impact on immune cell infiltration in sepsis.

Through bioinformatics analysis, GEO datasets (GSE65682) was downloaded and 647 mitochondria-related DEGs were identified between septic patients and healthy control. Furthermore, GO and KEGG analyses indicated that these DEGs were mainly associated with mitochondrial transport, energy derivation by oxidation of organic compounds, cellular respiration, mitochondrial gene expression, mitochondrial matrix, mitochondrial inner membrane, electron transfer activity and structural constituent of ribosome. Our findings suggested that mitochondria-related DEGs play an important role in sepsis.

To screen for critical diagnostic MRGs, we performed a LASSO regression algorithm and SVM-RFE methods using 647 mitochondria-related DEGs. Importantly, we identified six critical genes, including CS, CYP1B1, FLVCR1, IFIT2, MAPK14, and PID1, which showed favorable diagnostic value in screening sepsis samples from normal samples. We further developed a diagnostic model based on CS, CYP1B1, FLVCR1, IFIT2, MAPK14, and PID1, and the ROC analysis confirmed the diagnostic value of the novel model with an AUC of 1.000. These results were further confirmed using the GSE9960 and GSE134347 datasets. Finally, we collected 15 sepsis samples and 15 normal samples and performed RT-PCR to examine the expression of CS, CYP1B1, FLVCR1, IFIT2, MAPK14, and PID1 in our cohort, which further confirmed our previous findings. Our findings highlight the potential of these 6 MRGs as a novel diagnostic model for sepsis.

Currently, some studies have been conducted to explore the role of the above-mentioned MRGs in the pathophysiology of sepsis. MAPK14 is a member of the MAP kinase family and is involved in a wide variety of cellular processes such as proliferation, differentiation, and transcription regulation, which can be activated by exposure to many types of cellular stress, among which, they were strongly respond to endotoxin, proinflammatory cytokines, TNF-a, and is a good predictor for sepsis (43). Li et al. found that MAPK14 is of considerable value in the early diagnosis of sepsis in children (44). Besides, Lu et al. reported that MAPK14 is up-regulated in sepsis and is closely correlated with responses to hydrocortisone and immunosuppression status and might facilitate personalized therapy (45). Similarly, we found that MAPK14 is highly expressed in our septic patient cohort and is able to affect immune cell components. Citrate synthase (CS) is a key rate-limiting enzyme in many intracellular metabolic pathways and plays a critical role in the tricarboxylic acid cycle by catalyzing oxaloacetate and acetyl coenzyme A. Citrate synthase activity and content depend on the number of mitochondria (46). Moreover, Weiss et al. found that CS could be assayed by blood PBMC in response to mitochondrial number/density (47). We found that the CS expression of PBMC in septic patients was significantly reduced compared to healthy control, and correspondingly, by in vitro experiments, promotion of mitochondrial fragmentation (p<0.05), impaired mitochondrial respiration (p<0.05), decreased mitochondrial membrane potential (p<0.05) and increased ROS generation (p<0.05) were observed in septic patients PBMCs and LPS-stimulated CP-M191 cells. Weiss et al. conducted a study similar to our findings, in which they demonstrated that mitochondrial dysfunction occurs in sepsis, as evidenced by reduced mitochondrial respiratory function and inhibition of CS activity (48). Our study confirms that these mitochondria-related gene transcription are altered in sepsis, accompanied by abnormalities in mitochondrial morphology and function.

Sepsis is a severe disorder characterized by an aberrant host response to pathogenic microorganisms and consists of an overwhelming inflammatory response and consequent failure of many organs (49, 50). Although epidemiological data suggest that fatality rates linked with sepsis appear to have decreased, the prevalence of sepsis continues to rise, and the condition is currently considered a substantial burden on health care systems (51). Immunosuppression initiated by sepsis promotes bacterial growth and leads to increased production of immunosuppressive soluble mediators owing to increased apoptosis and immune exhaustion. Sepsis immunosuppression not only prolongs the primary microbial illness, but it also makes the patient more susceptible to opportunistic infections and organ dysfunction, both of which have unfavorable prognoses (52, 53). Numerous protein biomarkers have been tested to differentiate sepsis from normal conditions. Moreover, it has been demonstrated that immune cell infiltration plays a significant role in the progression of sepsis. In this study, Pearson’s correlation analysis revealed that PID1 expression was negatively associated with many kinds of immune cells, such as B cell memory cells, eosinophils, and M0 and M1 macrophages. In addition, PID1 expression was positively associated with resting monocytes and CD4 memory resting T cells. This is consistent with previous studies in which PID1 was able to serve as a biomarker for the assessment of immune status in sepsis and could serve as stratification tools prior to immunostimulatory treatment and to monitor drug efficacy (54). Besides, we found that the sepsis group had higher levels of macrophages M1, T cells gamma delta, etc. compared to the control group, predicting a state of inflammatory activation, consistently, MAPK14 is highly expressed in sepsis and is positively associated with these immune cells, suggesting that MAPK14 may be involved in the development of sepsis through excessive inflammatory activation. Similarly, The expression of CS, CYP1B1, FLVCR1, and IFIT2 were associated with a wide variety of immune cells, which is an important finding. These data suggest that alterations in the immunological microenvironment of septic patients could be connected to PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14.

Our research has certain restrictions. Firstly, although we have analyzed the expression of six MRGs using both clinical samples and datasets, and confirmed the changes in mitochondrial function through in vitro sepsis models, additional investigations are required to substantiate the roles of PID1, CS, CYP1B1, FLVCR1, IFIT2, or MAPK14 in the course of sepsis. Secondly, further studies are necessary to elucidate the specific pathways through which these genes influence immune responses in sepsis. As a result, to validate our findings in the future, it is imperative to perform additional experiments both in vitro and in vivo, along with clinical trials.




5 Conclusion

Using bioinformatics techniques, we identified PID1, CS, CYP1B1, FLVCR1, IFIT2, and MAPK14 as six MRGs that are essential in the course of sepsis. We developed a diagnostic model based on machine learning that is capable of diagnosing patients as having sepsis by analyzing the expression of a number of genes in the patient’s blood. In addition, these six genes are linked to a variety of immunological components, suggesting that they may play a significant role in the immune microenvironment. Furthermore, by TEM analysis, mitochondrial respiration measurements, mitochondrial potential and mitochondrial ROS production analyses, we observed the occurrence of mitochondrial dysfunction at both the overall and cellular levels, respectively. Additional studies are required to validate the diagnostic potential of this model for sepsis before it can be used in clinical settings.
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Introduction: Interscalene block (ISB) is widely regarded as the gold standard treatment for acute pain following arthroscopic shoulder surgery. However, a single injection of a local anesthetic for ISB may not offer sufficient analgesia. Various adjuvants have been demonstrated to prolong the analgesic duration of the block. Hence, this study aimed to assess the relative efficacy of dexamethasone and dexmedetomidine as adjuncts to prolong the analgesic duration for a single- shot ISB.

Methods: The efficacy of adjuvants was compared using a network meta-analysis. The methodological quality of the included studies was evaluated using the Cochrane bias risk assessment tool. A comprehensive search of the PubMed, Cochrane, Web of Science, and Embase databases was conducted with a search deadline of March 1, 2023. Various adjuvant prevention randomized controlled trials have been conducted in patients undergoing interscalene brachial plexus block for shoulder arthroscopic surgery.

Results: Twenty-five studies enrolling a total of 2,194 patients reported duration of analgesia. Combined dexmedetomidine and dexamethasone (MD = 22.13, 95% CI 16.67, 27.58), dexamethasone administered perineurally (MD = 9.94, 95% CI 7.71, 12.17), high-dose intravenous dexamethasone (MD = 7.47, 95% CI 4.41, 10.53), dexmedetomidine administered perineurally (MD = 6.82, 95% CI 3.43, 10.20), and low-dose intravenous dexamethasone (MD = 6.72, 95% CI 3.74, 9.70) provided significantly longer analgesic effects compared with the control group.

Discussion: The combination of intravenous dexamethasone and dexmedetomidine provided the greatest effect in terms of prolonged analgesia, reduced opioid doses, and lower pain scores. Furthermore, peripheral dexamethasone in prolonging the analgesic duration and lowering opioid usage was better than the other adjuvants when used a single medication. All therapies significantly prolonged the analgesic duration and reduced the opioid dose of a single-shot ISB in shoulder arthroscopy compared with the placebo.

KEYWORDS
arthroscopic shoulder surgery, interscalene nerve block, adjuvants, dexamethasone, Bayesian network meta-analysis


1. Introduction

Interscalene block (ISB) is widely regarded as the gold standard for the treatment of acute pain following arthroscopic shoulder surgery as it provides great analgesia in the early postoperative period while reducing opioid consumption and adverse effects (e.g., respiratory depression, nausea, and vomiting) (1, 2). However, a single injection of local anesthetic for ISB may not offer sufficient analgesia if used for longer than 14 h. The short duration of analgesia and analgesic effect of a single shot of ISB restrict its use (3). Continuous infusion analgesia using a patient-controlled interscalene catheter might prolong the duration of analgesia; unfortunately, it cannot circumvent the inherent practical problems and complications of plexus catheter infusion maintenance (4).

Various adjuvants have been demonstrated to prolong the analgesic duration of the block, including epinephrine, clonidine, dexmedetomidine, and intravenous and perineural injection of dexamethasone (3, 5). As a highly selective α2 adrenergic receptor agonist, dexmedetomidine is anticipated to have a longer analgesic duration than other adjuvants, without neurotoxicity (6). Dexamethasone, a potent glucocorticoid, is effective at both low (4 mg) and high (8 mg) concentrations. Several animal experiments have proven that these adjuvants prolong the impact of a nerve block, and clinical trials have also verified the beneficial effects on peripheral nerve and brachial plexus block (7). However, different doses and modes of administration of adjuvant therapies affect analgesic duration extension, and a quantitative evaluation of their efficacy is still required.

The objective of this network meta-analysis was to determine the relative efficacy of dexamethasone and dexmedetomidine as adjuncts to prolong the analgesic duration of a single-shot ISB.



2. Method

This systematic review and meta-analysis followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline and the Cochrane Handbook for the Systematic Review of Interventions (8, 9). The research reviewed the existing data; thus, neither ethical approval nor patient agreement was necessary.


2.1. Search strategy

Two authors independently designed and conducted a systematic literature search to identify the parallel group and cross-over randomized controlled trials (RCTs) on PubMed, Embase, Web of Science, the Cochrane Central Register of Controlled Trials, the China National Knowledge Infrastructure database, the Chinese Scientific Journal database, and the Wan Fang Database with a search deadline of March 1, 2023. Without any restrictions on the publication year, region, or language, our search method included Medical Topic Headings (MeSH), Emtree phrases, subject headings, and free-text terms, mainly including the following terms: “arthroscopic shoulder surgery,” “dexamethasone,” “dexmedetomidine,” and “adjuncts.” We conducted further analysis to determine whether the material was provided in a non-English language.

In addition, we searched the bibliography lists of relevant previous studies to perform a battery of recursive searches and manual retrieval for potential studies, where only abstracts meeting our eligibility criteria were presented. EndNote X9 was used to manage all the above screening records (Thomson ISI Research Soft, Philadelphia, PA, USA). A comprehensive list of search phrases for each database is available in the “Search Strategies” supplement.



2.2. Eligibility criteria and data abstraction

The inclusion and exclusion criteria were prioritized according to the PICO criteria. RCTs published in peer-reviewed scientific journals compared the efficacy of adjuvants for ISB to control postoperative pain in arthroscopic shoulder surgery. The PICO criteria were classified as follows: Participants: Patients scheduled for elective shoulder arthroscopic surgery were enrolled in this network meta-analysis (NMA). Interventions: Intravenous or perineural injection was administered as adjuvants for ISB in patients undergoing shoulder arthroscopic surgery. Comparators: Interventions themselves or patients who received an ISB alone. Outcomes: The primary outcome was analgesia duration. The postoperative analgesic duration was defined as the time interval between ISB and the request for the first rescue analgesic, the time of the first-time shoulder pain was experienced, and the sensory block duration. The secondary outcomes were opioid consumption and pain score. Consumption of opioids is defined as the use of oral morphine equivalents, according to the general monograph for opioids in the Canadian Pharmacists' Association Compendium of Pharmaceuticals and Specialties. Opioid consumption was converted to morphine equivalents using standard conversions (10). The determination of pain is mainly based on the Visual Analog Scale (VAS) or Numeric Rating Score (NRS), which defines the presence and degree of pain. Different pain levels can be measured on a scale of 0–10, with 0 representing no pain and 10 representing the worst pain. Study design: This review included both parallel-group and crossover RCTs. The studies were divided into six groups: low-dose intravenous dexamethasone (4 mg) (low-dose DXM-IV), high-dose intravenous dexamethasone (8 mg) (high-dose DXM-IV), perineural dexamethasone (DXM-PN), perineural dexmedetomidine (DEX-PN), combined intravenous dexamethasone and dexmedetomidine (DEX-DXM), and control group. Two authors (X-MW and ZL) separately identified the relevant articles. Initial searches were conducted on both the titles and abstracts using the defined eligibility criteria. In this phase, duplicate articles were removed from the retrieved articles simultaneously.

All articles selected from the initial research were retrieved and assessed based on their full text. If no data were available for abstract-only research, they were disregarded. Disagreements were settled by discussions between reviewers and consultation with an independent expert referee (P-CS) to ensure that a consensus was reached on all items.



2.3. Outcome measurement and quality appraisal

According to a pre-tested, nine-item, standardized data extraction form, two independent authors extracted data from each article under the following headings: first author(s), year of publication, patient characteristics, sample size, duration of analgesia, pain scores, opioid consumption, and incidence of complications. The mean and standard deviation (SD) of the duration of analgesia, pain scores, and opioid consumption were extracted as continuous outcomes. If the duration of analgesia and VAS was expressed as median with interquartile range (IQR), it was transformed and expressed as mean ± SD before statistical analysis (8). We presumed that the width of the IQR was equal to 1.35 times the SD and that the median was equal to the mean. The formulas used to get the mean and standard deviation (SD) were all based on the recommendations provided in the Cochrane Handbook for Systematic Reviews (11).

Two independent authors (ZL and X-MW) evaluated and categorized the risk of bias (ROB) using the Cochrane Handbook version 5.1.0 tool in Review Manager (version 5.3) (8). For each trial, we categorized the risk as low, high, or unclear, according to the seven assessment items. For selection bias, we evaluated whether the studies clearly defined the random sequence generation and allocation concealment method. Regarding detection bias, we evaluated studies primarily based on whether the participants, personnel, and outcome evaluators were blinded. We classified patients as high-risk for attrition bias in studies in which essential data were missing, particularly primary outcome data. We assessed selection bias based on whether the research excluded secondary outcomes or provided inadequate data. Other biases were categorized based on a full-text search for evidence that may have contributed to potential inconsistencies among the included studies. In addition, the GRADE method was used to evaluate the quality of evidence for each connection (12).



2.4. Statistical analysis

A network plot was generated to simulate a fully connected network, as an overview of the available evidence for each adjuvant. A comparison-adjusted network funnel plot was used to visually assess publication bias. Both analyses were conducted using the Stata software (version 14.0; Stata Corp, College Station, TX, USA).

Transitivity is the key underlying assumption of the NMA and relates to the validity of making indirect comparisons and the homogeneous distribution of effect modifiers across the included studies. Before performing data analysis, the baseline characteristics of the participants were presented for each intervention group (13–15). We assigned a non-informative prior distribution to the parameters based on a Bayesian framework (16). The Markov chain Monte Carlo method was used to examine all the results, which established three distinct chains with a total number of 50,000 iterations (17–19). For continuous variables, we used the mean difference (MD) to pool the effect size and 95% confidence intervals (CIs) (20, 21). The proportion of the best ranking in all simulated activities was used to calculate the probability of which adjuvant intervention would be the best. For each treatment, the surface under the cumulative ranking curve (SUCRA) was used to estimate cumulative ranking (22). The SUCRA value is presented as a percentage, ranging from 0 to 100%. Higher SUCRA values indicate a better ranking of treatment effectiveness, whereas lower SUCRA values indicate a worse trend (21). By evaluating the trace “history” feature, both the tract plot and the Brooks-Gelman-Rubin diagnostic statistics were considered to ensure convergence. Sensitive analysis by omitting one study in each turn was performed. The above analyses were performed using STATA (ver. 14.2; StataCorp, Lakeway Drive College Station, TX 77845, USA) and OpenBUGS (ver. 3.2.3 rev 1012, Members of OpenBUGS Project Management Group) software. Details of the OpenBUGS code are presented in the “OpenBUGS code” supplement. The node-splitting method was used to assess model inconsistency, where the probability of significant inconsistency was indicated if node-splitting analysis-derived P-values were < 0.05 (8, 18, 23, 24). I2 statistic was tested for assessing substantial heterogeneity, of which the values 25, 50, 75% indicated mild, moderate and high heterogeneity respectively (9). The analysis was performed using “Gemtc” package (version 0.8–2) and “rjags” (version 4–6) in R language (X64 4.12 version).




3. Results


3.1. Baseline characteristics and quality of the included studies

Initially, a total of 48 studies were identified by searching electronic databases and manually, of which 9 articles were removed due to duplication. Furthermore, 3 were excluded owing to irrelevant topics after screening based on the titles and abstracts. Following the full-text screening, 25 articles remained, and 23 articles were excluded for the following reasons: 4 did not report relevant data, 1 did not contain relevant outcomes, 1 was not an RCT, and 1 did not report relevant outcomes. Eventually, a total of 25 RCTs were deemed eligible for review and inclusion in this NMA, and a unanimous agreement was achieved on all articles among the reviewer authors. The literature search and study selection procedures are presented in Figure 1. EndNote X9 software (Clarivate Analytics, London, United Kingdom) was used to import and maintain all reference lists retrieved using a search engine. Table 1 summarizes the essential characteristics of the included studies.


[image: Figure 1]
FIGURE 1
 Literature review flowchart; RCT, Randomized controlled trial; CG, Control group. DXM, dexamethasone; DEX, dexmedetomidine; IV, intravenous; PN, perineural.



TABLE 1 Characteristics of included studies.

[image: Table 1]

A total of 2,194 patients who underwent arthroscopic shoulder surgery for arthroscopic rotator cuff, subacromial decompression, and various forms of shoulder surgery were enrolled in 25 studies published between 2013 and 2021 and included in the review. Five therapies were tested in parallel (n = 9) or crossover (n = 16) RCTs (1–4, 7, 25–44). The sample size was largest for the DXM-PN group (n = 665; 17 studies), followed by the control (n = 584; 20 studies), low-dose DXM-IV (n = 369; 9 studies), high-dose DXM-IV (n = 285; 8 studies), DEX-PN (n = 178; 6 studies), and DEX-DXM groups (n = 113; 3 studies). A network map was created to allow direct comparison between the interventions (Figure 2).
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FIGURE 2
 Network plot of evidence of all the trials. The network plot of the intervention network shows the comparion of the sample size to provide anesthesia for patients undergoing arthroscopic shoulder surgery. Each node represented a different method of prevention with the size of the node depending on the number of patients who received the intervention directly, he nodes were connected by lines indicating direct relationships between interventions, with the thickness of the line depending on the amount of direct evidence supporting the intervention.


The overall quality of the included studies revealed modest variance. All 25 included trials were randomly allocated and showed a low risk of bias in “random sequence generation.” Twenty studies had a low ROB with selective outcome reporting. Four studies had a high or unclear risk for attrition bias. Twenty-one studies used allocation concealment, whereas 21 fully detailed the blinding of the outcome evaluation. Evaluation of the quality of the included studies is shown in Figures 3, 4. Publication bias was not observed in the funnel plot based on its symmetrical distribution (inverted funnel plot) (Figure 5). When consistency and inconsistency between studies were assessed, all P-values were > 0.05, showing that the effect of consistency between studies was acceptable. According to the I2 value, there was low to moderate heterogeneity among the included studies. Sensitive analysis by omitting one study in each turn indicated the results were unaffected. No single study notably affected the overall summary estimate and P-value. The details are shown in the Supplementary material.
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FIGURE 3
 Risk of bias graph.
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FIGURE 4
 Risk of bias summary.
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FIGURE 5
 Funnel plot.




3.2. Duration of analgesia

Twenty-five studies enrolling 2,194 patients reported the duration of analgesia. The placebo group included 584 patients, and the intervention group included 1610 (low-dose DXM-IV = 369, high-dose DXM-IV = 285, DXM-PN = 665, DEX-PN = 178, DEX-DXM = 113). Combined DEX-DXM (MD = 22.13, 95% CI 16.67, 27.58), DXM-PN (MD = 9.94, 95% CI 7.71, 12.17), high-dose DXM-IV (MD = 7.47, 95% CI 4.41, 10.53), DEX-PN (MD = 6.82, 95% CI 3.43, 10.20), and low-dose DXM-IV (MD = 6.72, 95% CI 3.74, 9.70) provided significantly longer analgesic effects compared with the control group.

According to the SUCRA data (Supplementary Figure 1), the combination of DEX-DXM (SUCRA = 98.5%) and DXM-PN (77.6%) had the highest efficacy, followed by high-dose DXM-IV (47.0%), DEX-PN (38.7%), low-dose DXM-IV (36.6%), and control groups (0.3%).



3.3. Opioids consumption

Eight studies enrolling a total of 939 patients reported opioid consumption after surgery. The placebo group included 110 patients, and the intervention group included 829 (low-dose DXM-IV = 248, high-dose DXM-IV = 116, DXM-PN = 252, DEX-PN = 125, DEX-DXM = 88). The DEX-DXM (MD = −4.50, 95% CI −5.25, −3.75), DXM-PN (MD = −4.70, 95% CI −5.53, −3.87), low-dose DXM-IV (MD = −30.03, 95% CI −46.35, −13.71), high-dose DXM-IV (MD =-4.50, 95% CI −5.28, −3.72), and DEX-PN (MD =-4.40, 95% CI −5.31, −3.49) groups had significantly better outcomes than the control group (Supplementary Figure 2).

The SUCRA data showed that the DEX-DXM group (SUCRA = 99.4%) had the highest efficacy, followed by the DXM-PN (SUCRA = 66.7%), low-dose DXM-IV (SUCRA = 47.7%), high-dose DXM-IV (SUCRA = 45.2%), DEX-PN (SUCRA = 41.0%), and control groups (0.5%).



3.4. Pain score

Sixteen studies enrolling a total of 1,307 patients reported pain scores (VAS or NRS) 24 h after surgery. The placebo group included 422 patients, and the intervention group included 885 (low-dose DXM-IV = 202, high-dose DXM-IV = 127, DXM-PN = 471, DEX-PN = 60, DEX-DXM = 25). The combined DEX-DXM (MD = −2.56, 95% CI −4.53, −0.59), high-dose DXM-IV (MD = −1.79, 95% CI −2.93, −0.66), DXM-PN (MD = −1.46, 95% CI −2.17, −0.75), and low-dose DXM-IV (MD = −1.06, 95% CI −2.08, −0.05) groups provided significantly longer analgesic effects than the control group (Supplementary Figure 3).

The SUCRA data showed that the DEX-DXM group (SUCRA = 89.3%) had the highest efficacy, followed by the high-dose DXM-IV (SUCRA = 72.9%), DXM-PN (SUCRA = 60.1%), low-dose DXM-IV (SUCRA = 39.8%), DEX-PN (SUCRA = 36.0%), and control groups (1.9%).



3.5. Adverse events

Two studies referred to transient paresthesias during block performance, 2 studies mentioned bradycardia, 4 studies have described hoarseness of voice, 4 studies pointed Horner' s syndrome, 3 studies mentioned dyspnea, 2 studies referred residual motor weakness, and 2 studies pointed numbness. Redness at the injection site, nerve injury, sleep disturbance and persistent distal surgical arm pain only mentioned in one study. Specific details of adverse events are summarized in Table 2.


TABLE 2 Adverse events of included studies.

[image: Table 2]




4. Discussion

In this study we assessed the relative efficacy of dexamethasone and dexmedetomidine as adjuncts to prolong the analgesic duration for a single- shot ISB. A total of 25 studies were included, including 2194 patients undergoing shoulder arthroscopy. Our study showed that the combination of intravenous dexamethasone and dexmedetomidine provided the greatest effect in terms of prolonged analgesia, reduced opioid doses, and lower pain scores. Furthermore, peripheral dexamethasone in prolonging the analgesic duration and lowering opioid usage was better than the other adjuvants when used a single medication. All therapies significantly prolonged the analgesic duration and reduced the opioid dose of a single-shot ISB in shoulder arthroscopy compared with the placebo.

Shoulder arthroscopy may cause considerable discomfort, particularly during the first 24 h following surgery. Several adjuvants, including intravenous dexamethasone, peripheral dexamethasone, peripheral dexmedetomidine, and the combined application of dexamethasone and dexmedetomidine, have been shown to extend the duration of nerve block (1). Our analysis quantitatively compared the effects of these adjuvants.

The exact mechanism by which dexamethasone prolongs the duration of the sensory blockade is unclear. Although glucocorticoids have been claimed to have direct effects on nerves, other investigations have indicated that dexamethasone may cause peripheral vasoconstriction and impede local anesthetic absorption (5). In a recent retrospective cohort analysis of upper and lower limb surgery under different forms of peripheral nerve block, intravenous dexamethasone was shown to extend the duration of the block when added to ropivacaine (46). Dexamethasone is also recognized as an auxiliary function in regional analgesia according to many single studies and a meta-analysis of 29 studies (47, 48). An RCT demonstrated that in patients who received ultrasound-guided sciatic nerve blocks, there was no significant difference between peripheral and intravenous dexamethasone in terms of the duration of analgesia (49). In major and small orthopedic surgeries, dexamethasone and other glucocorticoids have considerable analgesic effects in the equivalent dosage range of 9 to 40 mg dexamethasone (45, 50–52). In shoulder surgery, relatively little data are available, although dexamethasone (4–8 mg) has been used as an adjuvant for an ISB with a prolonged analgesic effect (53, 54). In addition, corticosteroid injections around the nerve have been utilized for a long time to treat radiculopathy. To date, no clinical studies have identified the neurological problems induced by dexamethasone (5).

Individual studies have shown that dexamethasone may extend the analgesic effect of ropivacaine when administered as an adjuvant; however, there are few direct head-to-head comparisons, and the findings are uncertain or even contradictory. A meta-analysis by Choi et al. involving 393 patients who received dexamethasone demonstrated that dexamethasone as a local anesthetic adjuvant lengthened the analgesic time of brachial plexus block (5). According to our results, peripheral dexamethasone is more efficient than intravenous dexamethasone. High-dose and low-dose intravenous dexamethasone were equivalent.

Dexmedetomidine is currently one of the most commonly used adjuvants for nerve blocking because it has no significant neurotoxicity risk. It is hypothesized that α2 receptor binding in the central nervous system mediates the analgesic effects of dexmedetomidine by decreasing the release of nociceptive transmitters (55). Brummett et al. first reported in 2008 that dexmedetomidine enhanced the duration of sciatic nerve block in rats without causing neurotoxicity (56). Several clinical trials have studied the beneficial effect of a single dose of peripheral dexmedetomidine on prolonging the analgesic time of nerve blocks (6, 57, 58). In a study conducted by Abdallah et al., intravenous or perineural administration of 0.5 mcg/kg dexmedetomidine was compared with the placebo. A total of 24h use of morphine after surgery was decreased in the dexmedetomidine group, but there was no significant difference in resting pain levels between the three groups after 24h (59). Our results are consistent with those of previous studies. Compared with the control group, dexmedetomidine prolonged the analgesic time of the brachial plexus block.

Our NMA demonstrates that the combination of dexamethasone and dexmedetomidine has the greatest analgesic effects in terms of prolonging analgesia. The mechanisms why dexamethasone could prolong analgesia are corticosteroid induced vasoconstriction reducing local anesthetic absorption and the inhibition of potassium channels on nociceptive C-fibers or inhibits inflammatory responses through peripheral and central (60–62). The synergistic mechanism why dexmedetomidine could prolong analgesia may be mediated by the binding of a2 receptors in the central nervous system, which inhibits the release of nociceptive transmitters (55, 63). The combined effects of the two drugs are usually antagonistic, additive, or synergistic (64). This mechanism can potentially be explained using the effect-addition model (65). However, the exact mechanism underlying the interaction between dexamethasone and dexmedetomidine need more studies to confirm.

In all of the studies we included, there was no significant difference in the incidence of adverse reactions between the groups using adjuvants or systemic medications compared to the control group. In addition, no matter what kind of adjuvant is used, there was no significant improvement in the incidence of complications related to nerve block treatments, such as dyspnea, hoarseness, and Horner's syndrome. As for peripheral dexamethasone or dexmedetomidine, studies have revealed that it is typically harmless (48, 66). In a recent study, data from 1026 individuals who received perineural dexmedetomidine were included, and it was shown that none of them experienced any neurotoxicity symptoms and neurologic sequalae (66). However, in patients with pre-existing heart disease, a systemic impact on the cardiovascular system remains a potential concern at high doses. Dexmedetomidine can cause bradycardia which may be the result of decreased central sympathetic output and increased parasympathetic output from cardiac vagal neurons in the brainstem (67). Hussain et al. (68) reported peripheral dexamethasone does not appear to lead to long-term neurologic complications and no persistent neurological deficits were reported in all included RCTs (68). Ma et al. (69) showed during in-vitro studies that dexamethasone may have a protective effect against local anesthetic-induced cell injury (69) and for the treatment of post-traumatic visual disturbance, a series of 2,000 intrathecal injections had no neurological sequelae (70). Some other evidences also suggest that dexamethasone may be neuroprotective, and it has been demonstrated that corticosteroids have no long-term electrophysiological, behavioral, or histological effects on the sciatic nerve tissue of rats (71). In general, the safety profile of perineural dexamethasone is promising.

This study had several limitations. First, it is difficult to evaluate the sensory blocks after surgery. Most studies use the time before the first pain relief as a sign of cessation of the sensory block. Other studies have only described the duration of analgesia or sensory blockade. Furthermore, the “off-label” use of adjuvants surrounding the nerve poses safety concerns. Without human clinical trials, we can only claim that there is no increase in neuronal cell death following exposure to low-dose dexamethasone plus ropivacaine for 2 h compared with ropivacaine alone based on laboratory investigations (72) and there is no neurological damage in perineural dexmedetomidine studies, as previously reported.

Our study has several advantages. When evaluating the prolonged analgesic effects of different adjuvants in the intermuscular sulcus brachial plexus, we restricted the surgery to the same type. Only RCT studies were included in our analysis, and the quality assessment results of all publications were similar.

In conclusion, the combination of intravenous dexamethasone and dexmedetomidine provided the greatest effect in terms of prolonged analgesia, reduced opioid doses, and lower pain scores. Furthermore, peripheral dexamethasone in prolonging the analgesic duration and lowering opioid usage was better than the other adjuvants when used a single medication. All therapies significantly prolonged the analgesic duration and reduced the opioid dose of a single-shot ISB in shoulder arthroscopy compared with the placebo.
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Background: Few studies explored the association between high-sensitive cardiac troponin T (hs-cTnT) and long-term mortality for patients after surgery. This study was conducted to assess the association of hs-cTnT with long-term mortality and to investigate the extent to which this association is mediated via myocardial injury after noncardiac surgery (MINS).

Methods: This retrospective cohort study included all patients with hs-cTnT measurements who underwent non-cardiac surgery at Sichuan University West China Hospital. Data were collected from February 2018 and November 2020, with follow-up through February 2022. The primary outcome was all-cause mortality within 1 year. As secondary outcomes, MINS, length of hospital stay (LOS), and ICU admission were analyzed.

Results: The cohort included 7,156 patients (4,299 [60.1%] men; 61.0 [49.0–71.0] years). Among 7,156 patients, there were 2,151 (30.05%) with elevated hs-cTnT(>14 ng/L). After more than 1 year of follow-up, more than 91.8% of mortality information was available. During one-year follow-up after surgery, there were 308 deaths (14.8%) with a preoperative hs-cTnT >14 ng/L, compared with 192 deaths (3.9%) with a preoperative hs-cTnT <=14 ng/L(adjusted hazard ratio [aHR] 1.93, 95% CI 1.58–2.36; p < 0.001). Elevated preoperative hs-cTnT was also associated with several other adverse outcomes (MINS: adjusted odds ratio [aOR] 3.01; 95% CI, 2.46–3.69; p < 0.001; LOS: aOR 1.48, 95%CI 1.34–1.641; p < 0.001; ICU admission: aOR 1.52, 95%CI 1.31–1.76; p < 0.001). MINS explained approximately 33.6% of the variance in mortality due to preoperative hs-cTnT levels.

Conclusion: Preoperative elevated hs-cTnT concentrations have a significant association with long-term mortality after noncardiac surgery, one-third of which may by accounted for by MINS.

KEYWORDS
 risk assessment, serum biomarkers, preoperative myocardial injury, high-sensitivity cardiac troponin, non-cardiac surgery, postoperative outcomes, mortality, mediation analysis


Introduction

According to research, more than 300 million non-cardiac operations are performed worldwide each year (1). The incidence of perioperative cardiovascular complications is between 3.6 and 7% (2), which is an important source of perioperative morbidity and mortality, as well as an important cause of prolonged hospitalization and increased medical burden (3). The risk of perioperative adverse cardiac events was even higher in patients with confirmed or underlying coronary artery disease (4, 5). Cardiac troponin I and T (cTnI/T) are myocardial-specific proteins released into the blood by cardiomyocytes following injury to the myocardium (6). The prognostic value of postoperative cTn has previously been investigated by large multicenter prospective studies (7, 8). In contrast, the value of preoperative and perioperative changes in cTn as a prognostic tool for adverse outcomes has been sparsely investigated.

Meta-analyses (9, 10) had demonstrated an association between preoperative TnT levels and short-term major adverse cardiovascular events (MACE) and mortality, but studies on long-term adverse outcomes are limited. Several studies (11–14) have performed univariate analyses of preoperative cTn and long-term adverse outcomes. However, the total sample size was less than 600, and there was substantial heterogeneity among the studies. Only two studies (3, 15) have investigated adjusted associations. Although the two studies obtained similar results, Hietala et al. (15) did not use high sensitive cTnT and only included hip fracture surgery. Meanwhile, Nagele et al. (3) did not adjust for important potential confounders, e.g., the RCRI score (16–18) and intraoperative hypotension (19, 20), reducing the reliability in assessing the independent prognostic value of preoperative cTn. With the popularization of hypersensitive troponin test methods, more and more patients are undergoing the hs-cTnT test before operation (11, 21–23). Therefore, the relationship between preoperative hs-cTnT level and long-term outcomes still needs more careful correlation analysis. In addition, the extent to which preoperative and perioperative changes in cTn [e.g., myocardial injury after noncardiac surgery (MINS)] mediate the relationship between preoperative hs-cTnT and postoperative mortality has not been demonstrated.

We aimed to determine the associations between preoperative hs-cTnT levels and long-term outcomes by multivariable Cox regression models and to explore the mediating effect of MINS by mediation analysis.



Methods


Study design and data collection

This is a retrospective cohort study that adheres to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) (24) statement. Most of the data were extracted from Hospital Information System (HIS) and Anesthesia Information Management System (AIMS). In-hospital deaths were documented with death certificates and medical record reviews, and out-of-hospital deaths and dates of death were obtained through telephone follow-up. Because of the sensitive nature of the data collected for this study, data collection was performed by unwitting hospital information center staff. After extracting the raw data of the preoperative evaluation sheets, the baseline characteristics were organized into a standardized form by independent investigators who were blinded to the outcomes. Data analysis was performed by qualified researchers trained in human subject confidentiality agreements. For purposes of confidentiality, all data were de-identified and analyzed anonymously. Ethical approval was obtained from the Ethics Committee of Sichuan University (Project No. 1082 in 2021). The study was registered at chictr.org (ChiCTR2200058376).

We identified consecutive patients who underwent surgery between February 2018 and November 2020 at West China Hospital, Sichuan University. Inclusion criteria: (1) Age > 16 years; (2) Patients who underwent non-cardiac surgery; (3) Patients who underwent hs-cTnT examination within 7 days before surgery; (4) ASA Grade I-V. Exclusion criteria: (1) Patients undergoing diagnostic, cardiac, obstetric, and ophthalmic surgery; (2) Hospital stay less than 24 h (day surgery).



Outcomes and variables

The primary outcome measure was defined as all-cause mortality 1 year after surgery. The secondary outcome measures were defined as MINS, length of hospital stay (LOS), and postoperative ICU admission. MINS (8) was defined as the concentration of hs-cTnT ≥20 ng/L and the absolute value change ≥5 ng/L, or the absolute value of hs-cTnT ≥65 ng/L, and no such detection was considered as no postoperative myocardial injury. Peak postoperative values regardless of the day of sampling were used in these calculations.

We also generated a list of risk-adjustment variables (Supplementary Table 1), including patient age, sex, body mass index (BMI), 15 preoperative comorbidities, 12 preoperative laboratory tests, 5 prognostic models (ASA, CCI, RCRI, Ex-care, SORT), types of surgery, and detail of anesthesia and intraoperative management. Preoperative anemia was defined as hemoglobin <130 g /L for men and < 120 g/L for women, preoperative increased creatinine was defined as plasma levels of creatinine 100 mmol/L for men and 90 mmol/L for women, intraoperative transfusion was defined as intraoperative transfusion of any blood product, and intraoperative hypotension was defined as MAP<55 mmHg at any time intraoperatively (regardless of duration).



Hs-cTnT measurements and management

Serum TnT examination is not a routine preoperative test for surgical patients in our institute. The clinicians screened high-risk groups to detect myocardial injury according to clinical guidelines and experience. We defined the preoperative hs-cTnT level as the serum concentration of the last hs-cTnT measurement within 7 days before surgery. We obtained fresh serum aliquots from supernatants of peripheral or central blood samples collected in lithium heparinized tubes that were previously centrifuged for 5 min at 3500× g in our Core Laboratory. The levels of serum hs-cTnT were measured by Elecsys Troponin T hs of non-competitive enzyme-linked immunosorbent assays (ELISA) using a Cobas e602Modular AutoAnalyzer (Roche Diagnostics, Basel, Switzerland). The minimum detectable value was 3 ng/L.



Statistical analysis

We first compared characteristics of patients with or without elevated preoperative hs-cTnT using Fisher exact tests or χ2 tests for categorical measures and 2-sample t tests or Mann–Whitney U tests for continuous measures. Summary statistics are presented as mean (standard deviation), median [inter-quartile range (IQR)], or number (%).

To assess unadjusted associations between different hs-cTnT levels and time to the primary composite outcome, we first used stratified Kaplan–Meier plots with log-rank tests. Hazard ratios (HRs) were then reported using univariate Cox regression models that included only hs-cTnT levels as explanatory variables. We then fitted multivariable Cox regression models, adjusting for patient demographic characteristics, comorbidities, preoperative laboratory tests, hepatic and renal function, and detail of anesthesia and intraoperative managements (25). Univariate analysis of each factor was performed (Supplementary Table 1). Variables were considered candidates for inclusion in the risk-adjustment model if there were bivariable associations with the primary outcome event at p < 0.10. We selected final variables for the multivariable Cox model using the both-sided stepwise regression method. Collinearity was evaluated by the variance inflation factor (VIF) (26), and only variables with VIF ≤ 10 were input into the final model. We assessed multivariable Cox model appropriateness by receiver operating curve (ROC) and calibration curve (27, 28). Logistic regression was also used to assess the association of preoperative hs-cTnT and MINS, LOS, and ICU admission reported as odds ratios (ORs) with 95% confidence intervals (CIs). Statistical analyses were performed using R 4.0.2 and R-packages (tableone, survminer, survival, rms, MASS, AUC, calibrate and ggsurvplot).

The sample size required for developing a clinical prediction model is calculated according to the guidance published in 2020 (29). Use pmsampsize to calculate the minimum sample size required for developing a multivariable prediction model with a survival outcome using 50 candidate predictors. We expected all-cause mortality of about 7% after noncardiac surgery, a mean follow-up of more than 200 days, and an adjusted R-squared of 0.19. We select a time point of interest for prediction using the newly developed model of 1 year. The result indicates that at least 3,205 samples are required, corresponding to 1756.2 person-time of follow-up and 2.46 events per covariate. Sample size calculation was performed using R-packages (pmsampsize).



Subgroup analyses

We conducted subgroup analyses to determine whether associations between hs-cTnT levels and one-year mortality varied according to different ages, BMI, ASA-PS scores, emergency cases, surgical categories, and comorbidities. Due to the minimum sample size limitation, only partial subgroup analyses were performed for the type of surgery. For every risk-factor subgroup, the respective variables defining the risk factor were removed from the analyses. Every subgroup was treated as new data to calculate the HR for the association between the preoperative hs-cTnT level and outcomes. All p values were 2-sided, with p < 0.05 defined as the threshold of statistical significance. Forestplot of subgroup analyses was performed using R-packages (forestplot).



Mediation analyses

To investigate the mediation effect (30, 31) of MINS between preoperative hs-cTnT level and one-year mortality, structural equation modeling (SEM) analysis (32) was performed using the lavaan package (33) on the R software and graphically reported using the lavaanPlot package. Two models were estimated: a multivariate logistic regression model for MINS (mediator) conditional on hs-cTnT and all study confounders and a multivariate linear regression model for the mortality (outcome) conditional on hs-cTnT, MINS, and all study confounders. The natural direct effects (NDE) represented the effect of hs-cTnT on mortality that was independent of MINS. The natural indirect effects (NIE) represented the proportion of hs-cTnT that could be explained by its association with MINS. To quantify the magnitude of mediation, the study estimated the proportion of the association mediated by MINS (NIE/[NDE + NIE]). All analyses were estimated using bootstrapping (1,000 replications) to recover the correct standard errors for direct and indirect effects (32). All p values were 2-tailed, and statistical significance was set at a p value less than.05.




Results


Baseline characteristics

A total of 7,156 who underwent hs-cTnT measurements before non-cardiac surgery were enrolled in our trial. Participant flow is outlined in Supplementary Figure 1. In 2151 patients (30.1%), the hs-cTnT concentration was above the 99th percentile of the upper range limit (URL ≥ 14 ng/L). The median preoperative hs-cTnT was 9.20 ng/L (IQR 6.10–23.75). The mean time for hs-cTnT testing before surgery was 2.3 days (SD 1.28).

The characteristics of included patients are summarized in Table 1. A relatively small proportion (ie, 589 [8.23%]) were censored on February 1, 2022, with more than 1 year of follow-up. We identified 617 (9.2%) deaths, 644 (9.0%) MINS, and 2099 (29.3%) ICU admission after surgery during follow-up. The median length of hospital stay was 12.0 days (IQR 8.0–20.0). Patients with higher ASA and RCRI grades, SORT, and Ex-care scores also had higher hs-cTnT levels before surgery. The preoperative hs-cTnT level is correlated with intraoperative hypotension, rapid heart rate, increased blood loss, and transfusion. However, age, gender, BMI, and operation duration had no significant correlation with preoperative hs-cTnT concentration. Although differences in all preoperative laboratory tests were statistically significant in this large data set, most of the differences were generally of small magnitude. Compared with patients with normal preoperative hs-cTnT, those with elevated hs-cTnT were more likely to have more ICU admission (1,286 [25.7%] vs. 813 [62.2%]; p < 0.001), more MINS (231 [4.6%] vs. 413 [19.2%]; p < 0.001), and a longer median (IQR) stay in hospital (11 [8–18] days vs. 15 [8–24] days; p < 0.001). Similarly, preoperative hs-cTnT elevation was significantly associated with 30-day (162 [3.5%] vs. 248 [12.9%]; p < 0.001), 90-day (191 [4.1%] vs. 302 [15.8%]; p < 0.001) and one-year mortality (192 [3.9%] vs. 308 [14.8%]; p < 0.001).



TABLE 1 Characteristics stratified by hs-cTnT groups.
[image: Table1]

Preoperative elevated hs-cTnT was associated with higher mortality in unadjusted survival analysis (p < 0.001 by log-rank test) (Figure 1). The hazard ratio of 30-day mortality was 3.90 (95% CI, 3.20–4.75; p < 0.001). It steadily increased and maintained statistical significance over the one-year period after surgery (HR at 1 year, 4.13; 95% CI, 3.45–4.95; p < 0.001). It’s worth noting that most events occurred within 3 months after surgery, afterwards the Kaplan–Meier plots did not seperate further. Figure 2 summarizes the multivariable Cox regression risk-adjustment model. The area under the ROC curve of the model was 0.88. The ROC and calibration curves were shown in Supplementary Figure 2. Results were similar in a multivariable Cox regression model that adjusted for all covariates in Table 2 (adjusted HR at 1 year, 1.93; 95% CI, 1.58–2.36; p < 0.001; Table 2).

[image: Figure 1]

FIGURE 1
 Kaplan–Meier Survival Plot for postoperative mortality.
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FIGURE 2
 Forestplot of multivariable Cox Regression Model to Estimate one-year mortality.




TABLE 2 HRs for associations of hs-cTnT with outcomes.
[image: Table2]

Preoperative elevated hs-cTnT was also associated with MINS, ICU admission, and LOS (p < 0.001 by Wald test for each outcome). In a univariable logistic regression model, ORs for associations of elevated hs-cTnT with MINS, ICU admission, and LOS were significant (MINS: odds ratio[OR] 4.91; 95% CI, 4.14–5.81, p < 0.001; LOS:OR 1.84; 95% CI, 1.68–2.01, p < 0.001; ICU admission: OR 1.76; 95%CI, 1.58–1.96, p < 0.001). Results were similar in a multivariable model adjusting for patient characteristics during the initial admission (ie, adjusted for all covariates in Table 2), with a significant association of with higher incidence of MINS, ICU admission, and LOS (MINS: adjusted odds ratio[aOR] 3.01; 95% CI, 2.46–3.69; p < 0.001; LOS: aOR 1.48, 95%CI 1.34–1.641; p < 0.001; ICU admission: aOR 1.52, 95%CI 1.31–1.76; p < 0.001).



Subgroup analyses

In subgroup analyses stratified by sex, age, BMI, ASA grades, surgical categories, degrees of surgical urgency, and preoperative comorbidities, the associations between preoperative hs-cTnT and one-year mortality remained in all categories (Figure 3). Subgroup analysis of diabetic patients showed insignificant results due to the small sample size, but the trend was consistent with the overall. In a subgroup analysis, preoperative hs-cTnT was most strongly associated with mortality among patients after general surgery (aHR, 3.34; 95% CI, 2.13–5.23; p < 0.001). In a subgroup analysis by ASA scores, preoperative hs-cTnT was most strongly associated with adverse outcomes among patients with ASA GradeI-II, followed by those with Grade III and IV-V (GradeI-II: aHR, 3.81; 95% CI, 1.51–9.62; p < 0.001; GradeIII: aHR, 1.82; 95%CI, 1.37–2.42; p < 0.001; GradeIV-V: aHR, 1.98; 95% CI, 1.46–2.67; p < 0.001). After adjusting for multiple factors, the results of a subgroup analysis suggest that preoperative hs-cTnT remains significantly correlated with mortality in patients who have undergone either elective surgery (aHR 2.28; 95% CI 1.51–3.44; p < 0.001) or emergency surgery (aHR 1.82; 95% CI 1.45–2.29; p < 0.001).

[image: Figure 3]

FIGURE 3
 Association of elevated hs-cTnT with one-year mortality by Baseline Subgroups.


aHRs of other subgroups remained stable between 1.71 and 2.13.



Mediation analyses

The SEM analysis showed that a significant main effect was found for elevated hs-cTnT with one-year mortality after surgery (β = 0.043, 95%CI, 0.037–0.049; p < 0.001). The natural direct effects (NDE) of TnT indicated that we would, on average, observe a 0.029 point (95% CI, 0.028–0.030; p < 0.001) increase in mortality if all study participants were free of MINS. The natural indirect effects (NIE) via MINS implied that we would, observe a 0.014 point (95% CI, 0.013–0.015; p < 0.001) increase in mortality among participants with elevated TnT. The proportion of the association between TnT and mortality mediated by MINS was 33.6% (95%CI 28.1–39.1%). Figure 4 illustrates a simplified SEM representation of the mediation effect of MINS.

[image: Figure 4]

FIGURE 4
 Simplified Structural equation modeling examining MINS as mediator between preoperative hs-cTnT and one-year mortality.





Discussion

In this large cohort of patients with the preoperative hs-cTnT test, we observed that preoperative elevated hs-cTnT was persistently associated with a higher risk of death for at least 1 year. Cox regression models in different periods showed the associations remained significant and substantial throughout the follow-up period and gradually increased over time. This indicates that elevated hs-cTnT before surgery was associated with long-term outcomes and suggests that prior studies underestimate the harms of elevated hs-cTnT by only assessing short-term outcomes.

Only a few studies (3, 11–15) have examined the long-term risk of death in patients with elevated cTn before noncardiac surgery. Among them, only Nagele and colleagues (3) analyzed the correlation between preoperative hs-cTnT and long-term mortality. However, intraoperative anesthesia management, surgery-related factors, and RCRI score, which have been shown to have a significant impact on postoperative myocardial injury and death, were also ignored (3, 34, 35). The sensitivity and accuracy of the Cox proportional hazard model have also not been reported, so the conclusion may be controversial. In our study, the proportion of patients with preoperative high troponin and postoperative death was lower than in previous prospective studies. This may be due to the increasing attention of clinicians to the prognostic value of troponin in recent years, and more and more patients will be required to have troponin tests before surgery to facilitate the comparison of results before and after surgery. Due to the retrospective nature of this study, clear criteria for pre-surgical hs-cTnT testing cannot be established, as in randomized controlled trials. Clinical physicians typically rely on their clinical experience and guidelines to determine whether to perform pre-surgical hs-cTnT testing, which may include recent myocardial infarction, recent acute myocardial injury, known coronary artery disease, known heart failure, and symptoms of angina. However, this is precisely the feature encountered in real-world big data analysis, where actual data often integrates a multitude of complex situations, and their conclusions more intuitively reflect clinical scenarios and adapt to the complexity of the real world. In this study, it was evident that more patients who were generally considered to be at low or intermediate risk underwent troponin testing before surgery. Our Cox proportional hazard model did not include RCRI scores as the former studies did. However, our model was the best model (AUC = 88%) selected by stepwise regression after including a large number of confounding factors (including RCRI and the other four surgical prediction models). After the variable screening, the ASA score remained in the final model while RCRI was screened out, which may be explained by the poor performance of RCRI in predicting death (17).

Subgroup analysis showed a stronger association in patients with lower ASA scores, which may suggest that hs-cTnT may have a stronger application prospect in patients at low and moderate risk. Preoperative hs-cTnT was most strongly associated with mortality among patients after general surgery. It should be noted that this study should exclude patients who have experienced acute coronary syndrome (ACS) recently or have developed heart failure within 1 month before surgery. However, in reality, at our hospital, patients who have experienced ACS or heart failure within 1 month prior to surgery are usually not scheduled for non-cardiac surgery, so we did not specifically exclude them. Nevertheless, we conducted the subgroup analysis on elective surgery to exclude all emergency or urgent cases, thereby reducing the likelihood of patients experiencing recent ACS. The results were further confirmed by the subgroup analysis. Further studies in patients of relevant subspecialty are needed in the future. Mediation analyses indicated a 33.6% mediation effect of MINS between hs-cTnT and one-year mortality. This finding reinforces the value of preoperative hs-cTnT detection and contributed to a better understanding of the relation between preoperative hs-cTnT, preoperative change in hs-cTnT, and mortality.

Several limitations need consideration. As in any observational analysis, unobserved confounding may distort our results (36). A critical assumption of mediation analysis is that of no exposure-induced mediator-outcome confounding, and any violation of this assumption would have implications for the identification of natural associations. Another limitation is that censored death data during follow-up may not be random. Multiple data sources need to be adopted to attenuate misclassification bias in the future. In addition, the study sample only included only patients who underwent preoperative tests, which may limit the generalizability of the study findings. Due to the retrospective nature of this study, it is not possible to accurately determine the preoperative hs-cTnT testing standards. However, it is precisely because of this that the results of the study can reflect the complex situation in clinical practice. Our results suggest that preoperative hs-cTnT is an additional potentially modifiable risk for MINS and all-cause mortality, especially in patients with low ASA status who are easily overlooked. However, the extent to which the relationship is causal and thus amenable to intervention remains unknown. This study mainly focuses on the effect of preoperative hs-cTnT on prognosis, in order to help clinicians get effective information before surgery. The changes of hs-cTnT before and after surgery and the level of hs-cTnT after surgery may need more prospective experiments in the future.



Conclusion

In summary, preoperative hs-cTnT over 14 ng/L has a persistent and significant association with a significant increase in long-term mortality, MINS, LOS, and ICU admission. MINS explained approximately 33.6% of the effect on mortality due to preoperative hs-cTnT levels.
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Objectives

Postoperative acute kidney injury (pAKI) is a serious complication of Stanford type A aortic dissection (TAAD) surgery, which is significantly associated with the inflammatory response. This study aimed to explore the relationship between blood count-derived inflammatory markers (BCDIMs) and pAKI and to construct a predictive model for pAKI.





Methods

Patients who underwent TAAD surgery were obtained from our center and the Medical Information Mart for Intensive Care (MIMIC)-IV database. The differences in preoperative BCDIMs and clinical outcomes of patients with and without pAKI were analyzed. Logistic regression was used to construct predictive models based on preoperative BCDIMs or white cell counts (WCCs). The performance of the BCDIMs and WCCs models was evaluated and compared using the receiver operating characteristic (ROC) curve, area under the ROC curve (AUC), Hosmer–Lemeshow test, calibration plot, net reclassification index (NRI), integrated discrimination improvement index (IDI), and decision curve analysis (DCA). The Kaplan–Meier curves were applied to compare the survival rate between different groups.





Results

The overall incidence of pAKI in patients who underwent TAAD surgery from our center was 48.63% (124/255). The presence of pAKI was associated with longer ventilation time, higher incidence of cerebral complications and postoperative hepatic dysfunction, and higher in-hospital mortality. The results of the logistic regression indicated that the monocyte–lymphocyte ratio (MLR) was an independent risk factor for pAKI. The BCDIMs model had good discriminating ability, predictive ability, and clinical utility. In addition, the performance of the BCDIMs model was significantly better than that of the WCCs model. Analysis of data from the MIMIC-IV database validated that MLR was an independent risk factor for pAKI and had predictive value for pAKI. Finally, data from the MIMIC-IV database demonstrated that patients with a high MLR had a significantly poor 28-day survival rate when compared to patients with a low MLR.





Conclusion

Our study suggested that the MLR is an independent risk factor for pAKI. A predictive model based on BCDIMs had good discriminating ability, predictive ability, and clinical utility. Moreover, the performance of the BCDIMs model was significantly better than that of the WCCs model. Finally, a high MLR was significantly associated with poor short-term survival of patients who underwent TAAD surgery.





Keywords: type A aortic dissection, monocyte-lymphocyte ratio, postoperative acute kidney injury, predictive model, risk factor





Introduction

Aortic dissection (AD) is one of the most life-threatening cardiovascular diseases; it is caused by a tear of the aortic intimal layer and the separation/dissection of the aortic wall (1). According to the Oxford Vascular Study, AD is most common in those aged 65–75 years; the incidence of AD in this population is approximately 35 cases per 100,000 people per year (2). Sino-RAD, the first Registry of Aortic Dissection in China, revealed an earlier onset age of AD in China of approximately 50 years (3). The incidence of AD in the Chinese population is approximately 2.8 cases per 100,000 people per year (4). The mortality is extremely high in patients with AD not receiving any treatment (5). Therefore, early diagnosis and swift treatment are important for the survival of patients with AD.

Stanford type A aortic dissection (TAAD) involves the ascending aorta, which could result in fatal events, such as aortic rupture, tamponade, malperfusion, and aortic valve insufficiency (1). Swift surgical repair and/or replacement of the aorta are needed to save patients with TAAD (6). Although significant improvements have been made in the surgery of TAAD, the in-hospital mortality rate remains high at 27% according to the International Registry of Acute Aortic Dissection (IRAD) study (6). Surgical complications, such as acute kidney injury (AKI), are closely related to the poor prognosis of patients who underwent TAAD surgery (7). Insufficient tissue perfusion, stress response, oxidative stress, and systematic inflammation caused by TAAD and surgery can contribute to the onset of postoperative AKI (pAKI) (8, 9). Zhang et al. (10) and Wang et al. (11) reported that pAKI was significantly associated with worse short-term and long-term mortality of patients who underwent TAAD surgery. Therefore, further exploration of risk factors for pAKI and construction of a predictive model for pAKI based on these risk factors are needed to predict pAKI at an early stage.

Nowadays, blood count-derived inflammatory markers (BCDIMs), including neutrophil–lymphocyte ratio (NLR), monocyte–lymphocyte ratio (MLR), platelet–lymphocyte ratio (PLR), systemic inflammation response index (SIRI), and systemic inflammation index (SII), were found to be significantly correlated with systematic inflammation (12). Studies have indicated that these inflammatory markers could be predictive factors of the prognosis of cardiovascular diseases including ischemic heart disease and TAAD (13–15). However, there are few studies focusing on the relationship between BCDIMs and pAKI. Considering that systematic inflammation is involved in the onset of pAKI (9, 16), we speculated that these inflammatory markers might be risk factors for pAKI and could predict pAKI onset.

In this study, the relationship between BCDIMs and pAKI was analyzed using data from our center and the Medical Information Mart for Intensive Care (MIMIC)-IV database. Then, two predictive models were constructed using BCDIMs and white cell counts (WCCs). Thereafter, the performance of the two predictive models was compared. Finally, the correlation between BCDIMs and the prognosis of patients who underwent TAAD surgery were analyzed.





Materials and methods




Study population

Consecutive patients with TAAD who underwent open-chest TAAD surgery at Xiangya Hospital, Central South University, from January 2016 to August 2022 were enrolled. The exclusion criteria were as follows: pregnancy, patients who died during surgery or within 24 h after surgery, patients with tumors, patients with chronic kidney diseases or chronic liver diseases, patients with previous cardiovascular surgery history, and patients with missing data. The study was conducted in accordance with the “Declaration of Helsinki”, and the Ethics Committee of Xiangya Hospital, Central South University approved this study. Written informed consent was waived because of the observational, retrospective nature of this study.





Collection of data

Data of patients who underwent TAAD surgery were collected from the electronic medical record system of Xiangya Hospital, Central South University. Patients’ preoperative data included demographic variables, such as age, gender, weight, height, smoking history, drinking history, blood pressure at admission, and time from onset to surgery; underlying conditions, such as pregnancy, tumor, diabetes mellitus, hypertension, cardiac surgery history, chronic kidney diseases, chronic liver diseases, and Marfan syndrome; and laboratory tests, including white blood cell (WBC) count, neutrophil count, lymphocyte count, red blood cell (RBC) count, platelet count, hemoglobin, serum albumin, serum globulin, serum total bilirubin, serum direct bilirubin, serum alanine aminotransferase (ALT), serum aspartate aminotransferase (AST), serum urea, serum creatinine (SCr), serum uric acid, blood glucose, lactic acid, and international normalized ratio (INR). The operative data of patients included operation time, cardiopulmonary bypass time, aortic cross-clamp time, circulatory arrest time, surgical approach (total or semi-arch repair), cerebral protection strategy (antegrade or retrograde), circulatory arrest minimum temperature (anal temperature), and blood product usage intraoperation (including concentrated red blood cells, plasma, cryoprecipitate, and platelet). The postoperative data of patients included the arterial oxygen tension-inspired oxygen concentration (PaO2–FiO2) ratio, laboratory tests as mentioned above, delirium, spinal cord complications (including postoperative new-onset hemiplegia, paraplegia, and paraparesis), cerebral complications (including stroke and coma), and cardiac complications (including postoperative new-onset ventricular fibrillation, sudden cardiac arrest, and low cardiac output syndrome).





Definition of BCDIMs, pAKI, hepatic dysfunction, and hypoxemia

For consistency, preoperative BCDIMs were calculated using the same measurement of the same blood sample. NLR, MLR, and PLR were defined as ratios of neutrophils, platelets, and monocytes to lymphocytes, respectively. SIRI was defined as neutrophils × monocytes/lymphocytes, and SII was defined as neutrophils × platelets/lymphocytes. Body mass index (BMI) was defined as weight/height2. The definition of pAKI was according to the criteria of the Kidney Disease: Improving Global Outcomes (KDIGO) (17). Briefly, pAKI was defined as a postoperative absolute increase in SCr level of ≥26.4 μmol/L within 48 h or ≥50% within 7 days of the initiation of renal replacement therapy after TAAD surgery. The baseline SCr level was defined as the first SCr test after admission. In this study, the urine output in the KDIGO criteria was not used because of the lack of urine output data from our center. Postoperative hepatic dysfunction was defined as the postoperative value of the Model of End-Stage Liver Disease (MELD) score higher than 12. The MELD score was calculated using the following standard formula: MELD score = 11.2 × ln (INR) + 3.78 × ln (serum total bilirubin [mg/dL]) + 9.57 × ln (SCr [mg/dL]) + 6.43 (18). Any variable with a value less than 1 was assigned a value of 1 to avoid a negative score, and values exceeding 4 for SCr were replaced by 4. The highest value of the MELD score within the first 24 h postoperatively was used to define postoperative hepatic dysfunction. Postoperative hypoxemia was defined as the value of the PaO2–FiO2 ratio lower than 300 mmHg (19). The highest value of the PaO2–FiO2 ratio within the first 24 h postoperatively was used to define postoperative hypoxemia.





Construction of predictive models for pAKI

Univariate logistic regression analysis was used to screen variables for the predictive models. For the predictive model based on BCDIMs (BCDIMs model), age and preoperative (WCCs variables were not included) and operative variables with p-values of <0.10 were included. These variables were further screened by a variance inflation factor (VIF) and nomogram. Variables that were at risk of multicollinearity or contributed little to the model were excluded. After variable screening, the BCDIMs model was constructed by logistic regression via a stepwise enter method. A nomogram was then constructed based on the predictive model using the “rms” package in R software (version 4.2.3; R Foundation for Statistical Computing, Vienna, Austria). In addition, the predicted probability for pAKI of every patient was calculated according to the BCDIMs model for further analysis of the model performance.

For the predictive model based on WCCs (WCCs model), BCDIMs in the BCDIMs model were replaced with corresponding WCCs to construct the WCCs model. Other preoperative and operative variables were not changed. Then, the predicted probability for pAKI of every patient was calculated according to the WCCs model for further analysis of the model performance.





Comparison of model performance

The performance of two predictive models was first evaluated by the discriminating ability using the receiver operating characteristic (ROC) curve and the area under the ROC curve (AUC). The ROC curves of two predictive models were generated, and the AUCs were then calculated using the “ROCR” package in R software (version 4.2.3). Thereafter, the difference between the AUC of the two predictive models was compared by the Delong method (20) using the “pROC” package in R software (version 4.2.3). Second, calibration was evaluated by the Hosmer–Lemeshow test and calibration plots, which could represent the relationship between observed probability and predicted probability derived from predictive models. The calibration plot was constructed using the “rms” package in R software (version 4.2.3), with the “boot” method using 1,000 replications. Third, the net reclassification index (NRI) and integrated discrimination improvement (IDI) index were further utilized to evaluate the additional predictive ability of the BCDIMs model compared to the WCCs model. The values of NRI and IDI were calculated, and their significance was analyzed using the “nricens” and “PredictABEL” packages in R software (version 4.2.3). Finally, decision curve analysis (DCA) was applied to compare the clinical utility of two predictive models using the “rmda” package in R software (version 4.2.3).





Data extraction from the MIMIC-IV database

The MIMIC-IV database (version 2.0) is a large, longitudinal database that contains clinical data from the Beth Israel Deaconess Medical Center between 2008 and 2019. The first author of this study had completed the training and had credentialed access to the MIMIC-IV database. The data files of the MIMIC-IV database were downloaded from PhysioNet (https://physionet.org/content/mimiciv/2.0/). Then, the database for data extraction was constructed based on these files using PostgreSQL software (version 14, The PostgreSQL Global Development Group). Data of patients with TAAD and treated with open-chest surgery were extracted from the MIMIC-IV database. Duplicate patient data were excluded.

Patients who underwent TAAD surgery and had pAKI records in the MIMIC-IV database were extracted to analyze the relationship between pAKI and 1-year survival. After the screening, 147 patients underwent TAAD surgery and had pAKI records; the survival data of the 147 patients were obtained.

The preoperative variables of patients who underwent TAAD surgery and had pAKI records were further extracted to analyze the relationship between BCDIMs and pAKI. After the exclusion of patients with missing data, there were 72 patients extracted from the MIMIC-IV database for further analysis. In addition, the survival data of the 72 patients were obtained.





Statistical analysis

Statistical analysis was performed using SPSS version 19 (IBM Corporation, Armonk, NY, USA) and R software (version 4.2.3). Continuous data were expressed as mean ± standard deviation (SD) or median, lower, and upper quartiles. Count data were expressed as frequency (percentage). Student’s t-test was used to compare the continuous data with normal distribution between different groups, and Mann–Whitney U-tests were applied to compare the continuous data with a non-normal distribution. For the count data, chi-square test was conducted to compare the difference in frequency between groups. Logistic regression was used to analyze the relationship between BCDIMs and pAKI and to construct the predictive model. The predictive value of the model was determined using ROC curves, AUC, NRI, and IDI. The Kaplan–Meier curve (log-rank test) was applied to compare the survival rate between different groups. A value of p < 0.05 was considered to be statistically significant.






Results




Characteristics of the study population and differences in BCDIMs between patients with and without pAKI

There were 457 patients with TAAD who underwent open-chest TAAD surgery in Xiangya Hospital, Central South University, from January 2016 to August 2022. According to the exclusion criteria, 202 patients were excluded: three patients with pregnancy, nine patients who died intraoperatively or within 24 h after surgery, 19 patients with chronic kidney or liver disease, 36 patients with previous cardiovascular surgery history, and 135 patients with missing data. Finally, 255 patients were included in this study.

The preoperative and operative data of patients with TAAD are given in Table 1. The overall morbidity of pAKI in these patients was 48.63% (124/255). The mean age of patients without or with pAKI was 53.13 ± 12.56 and 50.96 ± 11.52 years, respectively. The proportion of men was significantly higher in the pAKI group (59.54% vs. 75.81%, p = 0.004). The mean BMI was significantly greater in the pAKI group (24.67 ± 3.80 vs. 26.04 ± 4.21 kg/m2, p = 0.001). The proportion of smokers in the pAKI group was significantly higher than in the non-pAKI group (48.09% vs. 60.48%, p = 0.031). In terms of laboratory variables, the neutrophil and monocyte counts were significantly increased in patients from the pAKI group (9.01 × 109/L ± 3.55 vs. 10.40 ± 4.06 × 109/L, p = 0.004; 0.71 ± 0.33 × 109/L vs. 0.93 ± 0.47 × 109/L, p < 0.001, respectively), while the lymphocyte count was significantly decreased in patients from the pAKI group (1.20 ± 0.56 × 109/L vs. 0.92 ± 0.55 × 109/L, p < 0.001). Moreover, the duration of the operation, cardiopulmonary bypass, and aortic cross-clamp in patients from the pAKI group was significantly greater than in patients from the non-pAKI group (407.63 ± 111.23 vs. 466.31 ± 115.42 min, p < 0.001; 196.27 ± 68.89 vs. 218.06 ± 66.65 min, p = 0.011; 106.18 ± 47.58 vs. 125.65 ± 82.45 min, p = 0.021, respectively). The proportion of patients who underwent total arch replacement was significantly higher in the pAKI group (80.15% vs. 90.32%, p = 0.034). The mean minimum temperature reached for circulatory arrest (CA) in patients from the pAKI group was significantly lower than that of patients from the non-pAKI group (26.12°C ± 2.56°C vs. 26.98°C ± 2.76°C, p = 0.010). Finally, BCDIMs were calculated and compared between different groups, and the results showed that the values of SIRI, SII, PLR, MLR, and NLR were significantly increased in patients from the pAKI group (Figure 1).


Table 1 | Preoperative and operative variables of patients in different groups.






Figure 1 | BCDIMs values in patients with or without pAKI from our center. (A–E) The values of SIRI, SII, PLR, MLR, and NLR in patients with or without pAKI. BCDIMs, blood count-derived inflammatory markers; pAKI, postoperative acute kidney injury; SIRI, systemic inflammation response index; SII, systemic inflammation index; PLR, platelet–lymphocyte ratio; MLR, monocyte–lymphocyte ratio; NLR, neutrophil–lymphocyte ratio. **p < 0.01, ***p < 0.001.







Clinical outcomes of patients with and without pAKI

According to data from our center, the proportions of patients with postoperative cerebral complications and hepatic dysfunction were significantly higher in the pAKI group (0.76% vs. 6.45%, p = 0.015; 55.73% vs. 92.74%, p < 0.001, respectively; Table 2). The in-hospital mortality rate was also significantly higher in the pAKI group compared to the non-pAKI group (0.76% vs. 6.45%, p = 0.015; Table 2). Data of patients from the MIMIC-IV database were further extracted to investigate the effects of pAKI on the clinical outcomes of patients. The results revealed that the ventilation time of patients from the pAKI group was significantly longer than that of patients from the non-pAKI group (Figure 2A). The Kaplan–Meier curve demonstrated that the 1-year survival rate of patients from the pAKI group was significantly lower than in patients from the non-pAKI group (Figure 2B). Overall, these results suggested that pAKI was closely associated with poor clinical outcomes in patients who underwent TAAD surgery.


Table 2 | Clinical outcomes of patients in different groups.






Figure 2 | The relationship between pAKI and clinical outcomes of patients who underwent TAAD surgery from the MIMIC-IV database. (A) The mean postoperative ventilation time of patients with or without pAKI. (B) The 1-year Kaplan–Meier curve of patients with or without pAKI. pAKI, postoperative acute kidney injury; TAAD, type A aortic dissection; MIMIC-IV database, the Medical Information Mart for Intensive Care (MIMIC)-IV database. *p < 0.05.







Construction of a predictive model and nomogram for pAKI

To construct the predictive model, univariate logistic regression analysis was used to screen variables with p-values of <0.10 (Supplementary Table 1). First, age and preoperative and operative variables with p-values of <0.10 (except for blood count variables) were selected for the BCDIMs model. However, the results of the VIF indicated that the BCDIMs variables (including SIRI, SII, MLR, and PLR) and operative variables (including operation time and cardiopulmonary bypass time) might be at risk of multicollinearity (Supplementary Table 2). To avoid multicollinearity, we only kept the MLR and operation time in the predictive model, both of which had smaller VIF values. Then, according to the nomogram, we noticed that gender, age, and platelet usage intraoperation had little contribution to the model (Supplementary Figure 1). Therefore, gender, age, and operation time were excluded from the model.

Finally, BMI, smoking status (smoker), MLR, NLR, total arch replacement, CA minimum temperature, operation time, and aortic cross-clamp time were selected to construct the BCDIMs model (Table 3). The results of the logistic regression analysis demonstrated that BMI, MLR, and CA minimum temperature were independent risk factors for pAKI (Table 3). A nomogram based on the predictive model was then constructed to visualize the prediction of pAKI (Figure 3).


Table 3 | Logistic regression model for postoperative AKI (BCDIMs model).






Figure 3 | The nomogram of the predictive model based on BCDIMs. In the nomogram, gender 0 represents female, gender 1 represents male, smoking 0 represents non-smoker, and smoking 1 represents smoker. BCDIMs, blood count-derived inflammatory markers; BMI, body mass index; NLR, neutrophil–lymphocyte ratio; MLR, monocyte–lymphocyte ratio; AKI, acute kidney injury.







Comparing the performance of the BCDIMs model and WCCs model

Next, we further evaluated the performance of the BCDIMs and compared it to the performance of the predictive model based on the WCCs variables. The BCDIMs variables in BCDIMs were replaced with corresponding WCCs variables. Briefly, the MLR and NLR were replaced with preoperative counts of monocytes, lymphocytes, and neutrophils. The WCCs model was then constructed, and the results suggested that BMI, lymphocytes, monocytes, and CA minimum temperature were independent risk factors for pAKI (Supplementary Table 3).

The AUC value of the BCDIMs model was 0.847 (95% confidence interval (CI): 0.799–0.895), which indicated good discriminating ability, and was significantly higher than the AUC value of the WCCs model (0.819, 95% CI: 0.767–0.872; p = 0.005) (Figure 4A; Table 4). The calibration plots (Figure 4B) and Hosmer–Lemeshow test (BCDIMs model: Hosmer–Lemeshow chi-square = 12.823, p = 0.118; WCCs model: Hosmer–Lemeshow chi-square = 11.987, p = 0.152) suggested that both the BCDIMs model and WCCs model were well calibrated. Then, we further calculated the NRI and IDI to analyze the enhancement effect of the BCDIMs model on the predictive ability compared to the WCCs model. The reclassification plot and reclassification tables of the BCDIMs and WCCs models are displayed in Figure 4C; Supplementary Table 4, and Supplementary Table 5. The NRI of the BCDIMs model compared to the WCCs model was 0.156 (95% CI: −0.016 to 0.260; p = 0.001) (Table 4), which suggested a significant enhancement effect of the BCDIMs model on the predictive ability. The result of the IDI of the BCDIMs model compared to the WCCs model was 0.067 (95% CI: 0.045–0.090; p < 0.001) (Table 4), which indicated a significant improvement in the predictive ability of the BCDIMs model compared to the WCCs model. Finally, DCA was applied to evaluate the clinical utility of the two models. The results revealed that compared to the WCCs model, more clinical net benefits could be obtained across almost the whole range by the BCDIMs model (Figure 4D). In summary, the BCDIMs model had good discriminating ability, predictive ability, and clinical utility, and the performance of the BCDIMs model was significantly better than that of the WCCs model.




Figure 4 | Comparison of the performance of BCDIMs model and WCCs model. (A) ROC curves and the AUC of BCDIMs model and WCCs model. (B) The calibration plot of BCDIMs model and WCCs model. (C) The reclassification plot of BCDIMs model and WCCs model. The black circles represent patients without pAKI, and red circles represent patients with pAKI. (D) The decision curve of BCDIMs model and WCCs model. BCDIMs, blood count-derived inflammatory markers; WCCs, white cell counts; ROC, receiver operating characteristic; AUC, area under ROC curve; pAKI, postoperative acute kidney injury.




Table 4 | Discriminating and predictive ability of different models.







Validating the relationship between the MLR and pAKI, and the predictive ability of the MLR for pAKI using data from the MIMIC-IV database

After patient data were extracted from the MIMIC-IV database, we found that only the MLR was significantly increased in patients from the pAKI group (Supplementary Figure 2). Considering the incomplete records of the operative variables in the MIMIC-IV database, we selected age, gender (male), BMI, and MLR to construct a predictive model for pAKI (BCDIMs-MIMIC model, Table 5). Similarly, age, gender (male), BMI, monocytes, and lymphocytes were selected to construct another predictive model for pAKI (WCCs-MIMIC model, Supplementary Table 6). According to the results of the logistic regression, MLR was an independent risk factor for pAKI (Table 5).


Table 5 | Logistic regression model for postoperative AKI using data from MIMIC-IV database (BCDIMs-MIMIC model).



The performance of the two models was also compared using the methods mentioned above. First, there was no significant difference in the AUC value between the BCDIMs-MIMIC model and WCCs-MIMIC model (0.803 vs. 0.742, p = 0.250) (Figure 5A). The Hosmer–Lemeshow test suggested that both models were well calibrated (BCDIMs-MIMIC model: Hosmer–Lemeshow chi-square = 2.698, p = 0.952; WCCs-MIMIC model: Hosmer–Lemeshow chi-square = 6.294, p = 0.614). The calibration plot also revealed that both models were well-calibrated (Figure 5B). The reclassification plot and reclassification tables of the BCDIMs-MIMIC model and the WCCs-MIMIC model are displayed in Figure 5C; Supplementary Table 7, and Supplementary Table 8. In addition, the results of the NRI demonstrated that the BCDIMs-MIMIC model could significantly enhance predictive ability when compared to the WCCs-MIMIC model (NRI = 0.316, 95% CI: −0.612 to 0.457, p = 0.030) (Table 6). Similarly, the IDI of the BCDIMs-MIMIC model compared to the WCCs-MIMIC model was 0.047 (95% CI: 0.006–0.088; p = 0.025) (Table 6), which indicated a significant improvement in the predictive ability of the BCDIMs-MIMIC model compared to the WCCs-MIMIC model. Finally, the results of the DCA revealed that compared to the WCCs-MIMIC model, more clinical net benefits could be obtained across almost the whole range by the BCDIMs-MIMIC model (Figure 5D). In summary, the BCDIMs-MIMIC model had good discriminating ability, predictive ability, and clinical utility, and the performance of the BCDIMs-MIMIC model was significantly better than that of the WCCs-MIMIC model.




Figure 5 | Comparison of performance of BCDIMs-MIMIC model and WCCs-MIMIC model. (A) ROC curve and the AUC of BCDIMs-MIMIC model and WCCs-MIMIC model. (B) The calibration plot of BCDIMs-MIMIC model and WCCs-MIMIC model. (C) The reclassification plot of BCDIMs-MIMIC model and WCCs-MIMIC model. The black circles represent patients without pAKI, and red circles represent patients with pAKI. (D) The decision curve of BCDIMs-MIMIC model and WCCs-MIMIC model. BCDIMs, blood count-derived inflammatory markers; WCCs, white cell counts; MIMIC, the Medical Information Mart for Intensive Care; ROC, receiver operating characteristic; AUC, area under ROC curve; pAKI, postoperative acute kidney injury.




Table 6 | Discriminating and predictive ability of different models.







The relationship between the MLR and survival of patients who underwent TAAD surgery

The relationship between the MLR and the survival of patients who underwent TAAD surgery was analyzed using data from the MIMIC-IV database. The mean MLR of patients extracted from the MIMIC-IV database was 0.678, and patients were divided into the low MLR group and high MLR group using the mean MLR as the threshold. The 1-year survival rate of patients with a high MLR was lower than in patients with a low MLR; however, this did not reach statistical significance (Figure 6A). The 28-day survival rate of patients with a high MLR was significantly lower than in patients with a low MLR (Figure 6B).




Figure 6 | The relationship between MLR and survival of patients who underwent TAAD surgery from the MIMIC-IV database. (A) The 1-year Kaplan–Meier curves of patients with a high or low MLR. (B) The 28-day Kaplan–Meier curves of patients with a high or low MLR. MLR, monocyte–lymphocyte ratio; TAAD, type A aortic dissection; MIMIC-IV database, the Medical Information Mart for Intensive Care (MIMIC)-IV database.








Discussion

In this study, the data of patients who underwent TAAD surgery from our center and the MIMIC-IV database were analyzed. The results showed that the MLR was an independent risk factor for pAKI. The predictive model based on BCDIMs had good discriminating ability, predictive ability, and clinical utility. Moreover, the performance of the BCDIMs model was better than the model based on corresponding WCCs. The MLR was also found to be significantly associated with the 28-day survival of patients who underwent TAAD surgery. The present study revealed that the MLR could be a significant predictor of pAKI and survival in patients who underwent TAAD surgery.

TAAD involves the ascending aorta, and patients with TAAD require swift surgery to save their lives (1). The in-hospital mortality of patients who underwent TAAD surgery is 27% according to the IRAD study in 2009 (6). According to Silaschi et al., the 30-day mortality of patients who underwent TAAD surgery was 7.1% in the hands of an experienced surgeon (5). In this study, the in-hospital mortality of patients who underwent TAAD surgery was 3.53%, which was lower than previous reports. The most important reason for the difference in mortality was that some of the patients who died in the hospital were excluded from this study because of missing data.

Postoperative complications, such as AKI, ischemia, and pneumonia, can significantly affect the prognosis of patients (21). AKI is a common but serious complication after TAAD surgery; the incidence of AKI after TAAD ranges from 20.2% to 66.7% (22–24). The large difference in the incidence reported in previous studies might be due to the different study populations and the different definitions of AKI. In this study, AKI was defined according to the criteria of KDIGO, which was designed to diagnose AKI in the early stage (17). The incidence of pAKI in this study was 48.63%, which was close to that reported by Chen et al. (25) and Guan et al. (26). Arnaoutakis et al. analyzed data from the IRAD database and reported that patients with pAKI had higher in-hospital mortality and a higher incidence of other postoperative complications, such as cerebrovascular accident and prolonged ventilation (27). Moreover, the 5-year survival rate of patients with pAKI was significantly decreased (27). Wang et al. reported that pAKI was significantly associated with poor long-term survival in elderly patients who underwent TAAD surgery (11). Our study had similar findings that patients with pAKI had higher rates of in-hospital mortality, cerebral complications, and hepatic dysfunction. Furthermore, data from the MIMIC-IV suggested that pAKI was significantly associated with a prolonged ventilation time and a poor 1-year survival rate. Considering the relationship between pAKI and the poor prognosis of patients who underwent TAAD surgery, further exploration of readily available predictors and predictive models is needed to predict pAKI at an early stage.

Inflammation contributes to the development and progression of AKI. The inflammatory response can lead to dysregulation of renal blood vessels and impair renal function (28, 29). Inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), induce infiltration of immune cells in the renal parenchyma, cause cell injury, and result in impairment of renal function (28, 29). Thus, we speculated that preoperative inflammatory markers might be good predictors for pAKI. BCDIMs, including the NLR, MLR, PLR, SII, and SIRI, can reflect the systemic inflammation status of patients (12). Studies have demonstrated that BCDIMs were significantly associated with cardiovascular diseases. Ma et al. found that the MLR was significantly correlated with the incidence, number, and echo characteristics of carotid plaques in patients with coronary artery disease (30). Tamaki et al. reported that the combination of the NLR and PLR could be a novel predictor for cardiac death in patients with decompensated heart failure (31). Zhu et al. revealed that elevation of the preoperative NLR was related to the short-term adverse outcomes of patients with type B AD (32). On the other hand, the BCDIMs were more readily available, time-saving, and inexpensive than other inflammatory markers, such as C reactive protein, TNF-α, and IL-6.

In the present study, the data of patients from our center were analyzed, and the predictive model based on BCDIMs was constructed. The logistic regression analysis indicated that the MLR, BMI, and CA minimum temperature were independent risk factors for pAKI. Other variables in the predictive model included smoking status (smoker), NLR, total arch replacement, operation time, and aortic cross-clamp time. Similarly, the study of Li et al. suggested that BMI was an independent risk factor for pAKI of patients who underwent TAAD (33). Hypothermia is an important technique in TAAD surgery, which could protect the nervous system and other organs from ischemic injury by decreasing cellular consumption and slowing cellular metabolism (34). However, there were few studies that focused on the relationship between CA minimum temperature and pAKI and need further investigation. The operation time in patients who underwent total arch replacement was significantly longer than that of patients who underwent semi-arch replacement (452.41 ± 114.59 vs. 343.42 ± 81.56 min, p < 0.001, Supplementary Figure 3). A longer operation time is usually accompanied by a longer cardiopulmonary bypass time, and both the operation and cardiopulmonary bypass can trigger an inflammatory response and oxidative stress, both of which could lead to AKI (28). After the construction of the predictive model, methods including the ROC curve, calibration plot, NRI, IDI, and DCA were utilized to evaluate the performance of the model. The results suggested that the BCDIMs model had good discriminating ability, predictive ability, and clinical utility. We also constructed the WCCs model by replacing the MLR and NLR with corresponding counts of monocytes, neutrophils, and lymphocytes. After comparing the performance of the two models, we found that the performance of the BCDIMs model was moderately better than that of the WCCs model, which reached statistical significance. Thereafter, data from the MIMIC-IV database further validated these results. Moreover, patients with a high MLR had a significantly poorer 28-day survival rate when compared to patients with a low MLR. The MLR reflects the levels of systemic inflammation and immune response activation of patients (35). Elevation of the MLR represents the imbalance in innate and adaptive immunity (35). Briefly, when exposed to a stressor, monocytes accumulate and differentiate into inflammatory dendritic cells and macrophages and then activate the proinflammatory response (35, 36). In addition, proinflammatory activation of monocytes could result in oxidative stress in endothelial cells (36). The inflammatory response and oxidative stress initiated by monocytes might impair renal function and eventually lead to AKI. Lymphocytes can regulate the phenotype of monocytes (30), but the exact role of lymphocytes in pAKI remains unclear and needs further exploration.

With the predictive model, pAKI could be predicted and prevented at an early stage. As mentioned above, inflammatory response contributes to the development pAKI. Jang et al. reported that suppression of inflammatory response using specific antibodies could significantly ameliorate kidney injury in the AKI animal model (37). In clinical practice, Milne et al. suggested that angiotensin-converting enzyme inhibitors (ACEIs) should be stopped early before cardiac surgery to prevent pAKI (38), as ACEIs might be associated with intraoperative hypotension and vasodilatory shock after cardiopulmonary bypass (39, 40). A prospective randomized controlled study conducted by Kamenshchikov et al. demonstrated that nitric oxide delivery during cardiopulmonary bypass reduced pAKI (41). In terms of non-cardiac surgery, Mita et al. reported that strict blood glucose control by an artificial endocrine pancreas during hepatectomy could prevent pAKI (42); Shelby et al. suggested that optimizing perioperative fluid management in patients who underwent complex abdominal wall reconstruction could prevent pAKI (43). However, more effective strategies to protect patients who underwent TAAD surgery from pAKI need further exploration.

Similarly, Ma et al. (44) (study population: n = 190) and Chen et al. (45) (study population: n = 159) reported that the lymphocyte–monocyte ratio (LMR) was negatively associated with pAKI in patients who underwent TAAD surgery. Consistent with our study, their studies showed that the MLR had predictive value for pAKI. However, there were obvious differences between our study and the studies of Ma et al. (44) and Chen et al. (45) First, the study population of our study was larger than studies of Ma et al. (44) and Chen et al. (45). Moreover, data from the MIMIC-IV database were further used to validate the role of the MLR in patients who underwent TAAD surgery. A larger study population and validation of an external dataset could improve the accuracy of the analysis. Second, methods including the ROC curve, calibration plot, NRI, IDI, and DCA were utilized to evaluate the performance of the model, which estimated more dimensions of the model performance. Third, we compared the performance of the models based on BCDIMs and WCCs using the methods mentioned above to further elucidate the predictive value of the MLR for pAKI. Fourth, the relationship between the MLR and the survival of patients who underwent TAAD surgery was assessed. In summary, our study evaluated the role of the MLR in pAKI more comprehensively.

The main limitation was that our study only included patients from a single center. In the future, a multi-center study is needed to further elucidate the role of the MLR in pAKI of patients who underwent TAAD. However, we did use data from the MIMIC-IV database to validate the findings in this study, which could reduce this weakness to some extent. In addition, because of the lack of urine output data in our center, we did not use the urine output criteria of KDIGO to define AKI; only the SCr criteria were used. Similarly, there were previous studies that only used the SCr criteria of KDIGO to define AKI (11, 33).





Conclusion

Our study suggested that the MLR was an independent risk factor for pAKI. A predictive model based on BCDIMs was constructed and had good discriminating ability, predictive ability, and clinical utility. Moreover, the performance of the BCDIMs model was moderately better than that of the WCCs model, which reached statistical significance. Finally, a high MLR was significantly associated with poor short-term survival of patients who underwent TAAD surgery.
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Background: Electrical impedance tomography (EIT) has been shown to be useful in guiding individual positive end-expiratory pressure titration for patients with mechanical ventilation. However, the appropriate positive end-expiratory pressure (PEEP) level and whether the individualized PEEP needs to be adjusted during long-term surgery (>6 h) were unknown. Meanwhile, the effect of individualized PEEP on the distribution of pulmonary ventilation in patients who receive abdominal thermoperfusion chemotherapy is unknown. The primary aim of this study was to observe the effect of EIT-guided PEEP on the distribution of pulmonary ventilation in patients undergoing cytoreductive surgery (CRS) combined with hot intraperitoneal chemotherapy (HIPEC). The secondary aim was to analyze their effect on postoperative pulmonary complications.

Methods: A total of 48 patients were recruited and randomly divided into two groups, with 24 patients in each group. For the control group (group A), PEEP was set at 5 cm H2O, while in the EIT group (group B), individual PEEP was titrated and adjusted every 2 h with EIT guidance. Ventilation distribution, respiratory/circulation parameters, and PPC incidence were compared between the two groups.

Results: The average individualized PEEP was 10.3 ± 1.5 cm H2O, 10.2 ± 1.6 cm H2O, 10.1 ± 1.8 cm H2O, and 9.7 ± 2.1 cm H2O at 5 min, 2 h, 4 h, and 6 h after tracheal intubation during CRS + HIPEC. Individualized PEEP was correlated with ventilation distribution in the regions of interest (ROI) 1 and ROI 3 at 4 h mechanical ventilation and ROI 1 at 6 h mechanical ventilation. The ventilation distribution under individualized PEEP was back-shifted for 6 h but moved to the control group’s ventral side under PEEP 5 cm H2O. The respiratory and circulatory function indicators were both acceptable either under individualized PEEP or PEEP 5 cm H2O. The incidence of total PPCs was significantly lower under individualized PEEP (66.7%) than PEEP 5 cm H2O (37.5%) for patients with CRS + HIPEC.

Conclusion: The appropriate individualized PEEP was stable at approximately 10 cm H2O during 6 h for patients with CRS + HIPEC, along with better ventilation distribution and a lower total PPC incidence than the fixed PEEP of 5 cm H2O.

Clinical trial registration: identifier ChiCTR1900023897.

KEYWORDS
 electrical impedance tomography, individual positive end-expiratory pressure, cytoreductive surgery combined with hyperthermic intraperitoneal chemotherapy, ventilation distribution, postoperative pulmonary complications


Introduction

Postoperative pulmonary complications (PPCs) are common in patients after major surgery under general anesthesia with long-term machine ventilation. It is also associated with prolonged hospital stays, increased medical costs, and even higher incidences of morbidity and mortality (1). During general anesthesia, the regional ventilation distribution is impaired. Mechanical ventilation during anesthesia promotes alveolar collapse. The main pathogenic mechanism is the development of atelectasis in dorsal-dependent lung areas and overdistension in the ventral lung. As an integral part of lung protective ventilation, the setting of positive end-expiratory pressure (PEEP) plays an important role in maintaining alveolar opening, reducing alveolar shear injury, and improving gas exchange. However, too high PEEP may lead to alveolar over-dilation, increased inspiratory pressure, decreased lung compliance, impaired lung function, and adverse effects on hemodynamics (2). An international expert consensus on protective lung ventilation in surgical patients strongly recommends (3) preoperative pulmonary risk assessment with the tidal volume set at 6–8 mL/kg, positive end-expiratory pressure ventilation at 5 cm H2O, and pulmonary recruitment maneuvers. Moreover, among all this non-protective ventilation, PEEP is very important to prevent procedural alveolar collapse. Therefore, it is important to optimize the PEEP level individually.

EIT is a non-invasive, functional imaging technique that uses conductivity distribution in the human body and can be safe, portable, and dynamic in real time. When using EIT for lung monitoring, electrode sheets were placed on the chest wall, usually between the 4th and 5th ribs in the parasternal line, and a weak current was applied through local electrodes to sense changes in thoracic bioelectrical impedance during respiration. Then, the corresponding imaging algorithm was used to monitor the functional state of ventilation in different lung regions to achieve real-time dynamic presentation of tomographic ventilation images of the lung, as shown in Figure 1.

[image: Figure 1]

FIGURE 1
 Schematic diagram of the region of interest for electrical impedance tomography.


As an advanced bedside non-invasive imaging technique, EIT provides real-time mechanical ventilation monitoring. The validity of (4) EIT was confirmed through studies that stem from several previous trials, including CT (5–9), tomography (10), and MRI (11–15). EIT is characterized by the ability to perform continuous region-specific measurements of the lung in a dynamic situation. Besides, EIT was suggested to individualize PEEP to prevent atelectasis during mechanical ventilation. However, whether the PEEP level needs to be adjusted during long-term periods intraoperatively is unknown. Cytoreductive surgery (CRS) combined with hyperthermic intraperitoneal perfusion chemotherapy (HIPEC), an adjuvant therapy for abdominal malignancies, was employed in our study. CRS + HIPEC is unique in the prevention and treatment of peritoneal implantation and metastasis of abdominal malignant tumors (16–19). Owing to the long duration needed to perform laparotomy (>6 h) and mechanical ventilation, PPCs are very common in patients under CRS + HIPEC, and a lung protection strategy is essential. Therefore, the optimal PEEP level during CRS + HIPEC and the changes in the distribution of ventilation to the lungs were studied in this project.

This study investigated the optimized PEEP with long-term change by EIT for patients under major open abdominal surgery (CRS + HIPEC) because of the high risks of PPCs (17%) (20). This study aimed to apply the EIT technique to guide the titration of intraoperative individualized PEEP in HIPEC patients and to observe the effect of EIT-guided PEEP on the distribution of pulmonary ventilation and postoperative pulmonary complications.



Materials and methods


Participants

This study was approved by the ethics committee of Beijing Shijitan Hospital, Capital Medical University, and registered in the Chinese Clinical Trial Registry (ChiCTR1900023897) (17 June 2019). This experiment is a single-blind, randomized, controlled trial. All patients provided informed consent to confirm that all studies were conducted in accordance with relevant guidelines/regulations and that informed consent was obtained from all participants. A total of 48 patients who underwent elective CRS + HIPEC for peritoneal cancer from January 2020 to December 2021 were recruited and randomly divided into two groups, with 24 cases in each group. The inclusion criteria were as follows: (1) age over 18 years and less than 80 years and (2) undergoing surgical procedures with durations exceeding 6 h. Conversely, the exclusion criteria were as follows: (1) body mass index (BMI) >30 kg/m2; (2) individuals with acute or chronic respiratory conditions or a recent history of using β2 receptor agonists, hormones, ipratropium bromide inhalation, or theophylline in the past 2 weeks; (3) those with permanent or temporary cardiac pacemakers, implantable cardiac defibrillators, and other active implants; (4) those with moderate or large pleural effusion; and (5) those with severe hemodynamic instability (need the vasoactive drugs before operations). The subjects were excluded from the clinical study when the following conditions occurred: (1) pulse oxygen saturation <92%; (2) the maximum end-inspiratory pressure during mechanical ventilation was greater than 40 cm H2O; (3) the bleeding volume was greater than 1,500 mL; and (4) other situations that threaten the life of a patient and require rescue.



PEEP titration strategy

A titration of EIT was performed after induction. The principles of the titration method were as follows: (1) maintain a certain depth of anesthesia to avoid choking responses and hemodynamic fluctuations during recruitment maneuvers due to too-light anesthesia; (2) the recruitment maneuver must be performed before titration begins; (3) the driving pressure (driving pressure = Pplat − PEEP) was kept constant; and (4) if it was found that the PEEP value that could maintain a stable and constant end-expiratory impedance was not unique, the smaller value was selected as the best PEEP.

Recruitment maneuver refers to the intermittent administration of higher pressure than conventional ventilation during mechanical ventilation and its maintenance for a certain period to reopen collapsed alveoli in order to improve oxygenation and reduce lung injury. After increasing the depth of anesthesia appropriately, a recruitment maneuver was performed (pressure of 30 cm H2O for 40 s).

In this study, titration was performed using the stable EIT-EELI method. Based on the approximate range of individualized positive end-expiratory pressure titrated from the pre-experiment, PEEP was first set at 16 cm H2O for ventilation, followed by stepwise changes in PEEP at 14, 12, 10, 8, and 6 cm H2O levels, and changes in the slope shown by EIT were monitored. PEEP optimization was performed by adjusting PEEP to obtain a horizontal EIT baseline by stabilizing end-expiratory volume. See Supplementary Figure S1. In the end-expiratory impedance images, the PEEP value that maintains a constant end-expiratory lung impedance (without progressive decrease) was selected as the most optimized respiratory parameter index, i.e., the optimal PEEP intraoperative recruitment maneuver and EIT titration are performed every 2 h in the experimental group.



Anesthesia and ventilation protocol

After entering the room, we established venous access and routinely monitored BP, HR, ECG, SpO2, PEtCO2, and BIS. Radial artery and internal jugular vein catheterization were performed under local anesthesia to monitor mean arterial pressure (MAP), cardiac index (CI), and Stroke volume variability (SVV) for goal-directed fluid therapy. All patients were mechanically ventilated using the same anesthesia machine (MAQUET FLOW-i). The fresh air flow was 2.0 L/min, and the inspired oxygen concentration (FiO2) was set to 50%. The patients were laid in the supine position. After intravenous induction with midazolam 0.06 mg/kg, rocuronium 0.6 mg/kg, target-controlled infusion of propofol 3 μg/mL, remifentanil 8 μg/mL, and local mucosal surface anesthesia, an endotracheal tube was placed, and the patient was ventilated in a capacity-controlled ventilation mode. The fresh gas flow rate was set at 2 L/min and the inspired oxygen concentration (FiO2) at 50%. Muscle relaxants (rocuronium bromide) were given intermittently. Sevoflurane or propofol with remifentanil was used for anesthesia maintenance to maintain the bispectral index (BIS) between 40 and 60. Goal-directed fluid therapy was implemented for intraoperative fluid management. The anesthesia machine’s respiratory monitoring system monitors the respiratory parameters at each time point through the bypass airflow method. The tidal volume was set to 7 mL/kg based on the ideal body weight. The respiratory rate was adjusted according to the end-tidal partial pressure of carbon dioxide (PETCO2) at 35–45 mmHg, and the inspiratory ratio was configured at I:E = 1:2. Subjects were excluded from this clinical study when the following conditions occurred: pulse oximetry (SpO2 <92%); peak airway pressure ≥40 cm H2O during intraoperative mechanical ventilation; severe hemodynamic instability caused by the administration of positive end-expiratory pressure (PEEP); bleeding greater than 1,500 mL; or other conditions that posed a threat to the patient’s life safety and required the immediate suspension of the operation and emergency resuscitation.

PEEP in the control group (group A) was set to 5 cm H2O as the clinical routine in our institution for this kind of surgery. Intraoperative recruitment maneuvers were also performed every 2 h in the control group. Group B was the EIT (Dräger PulmoVista® 500, Germany)-guided individualized PEEP. Volume control in constant flow mode was used in both groups of patients. In group B, the 16 electrical levels of EIT were evenly attached to the chest wall at the level of the patient’s xiphoid process, and the reference electrical level was located on the right chest. Electrical impedance tomography was used to monitor lung and respiratory movements in real time. The obtained electrical impedance tomography region of interest (ROI) was divided into four equal parts from the ventral side to the dorsal side and divided into four parts, namely ROI 1, ROI 2, ROI 3, and ROI 4. The ROI 3 and ROI 4 regions were considered dorsal gravity-dependent lung areas, while the ROI 1 and ROI 2 were ventral non-dependent lung areas. PEEP titration was performed as reported following the instructions at each time point (21). We designated the following time points in relation to tracheal intubation: 5 min as T1, 2 h as T2, 4 h as T3, and 6 h as T4. T0 was the period with spontaneous breathing before anesthesia induction. At each time point, the radial artery was taken for blood gas analysis. The following data were calculated and collected: PaO2/FiO2. Pulmonary dynamic compliance was recorded from the anesthesia machine; it is the pulmonary compliance measured during the respiratory cycle when airflow is not blocked and is influenced by both lung tissue elasticity and airway resistance. Postoperative pulmonary complications in patients were diagnosed by x-ray results, usually performed on day 7 after surgery. Postoperative pulmonary complications were referred and, according to the 2018 standardized perioperative care endpoints, met any of the following: (1) imaging-confirmed pulmonary atelectasis; (2) pneumonia (using centers for disease control criteria); (3) adult respiratory distress syndrome (using the Berlin consensus definition); and (4) aspiration pneumonia (clear clinical history and imaging evidence) (22). The differences between the two groups were compared.

Randomization was performed using a randomization system generated by the STATA software. Random sequences were hidden in numbered, opaque envelopes. After obtaining consent, the researchers opened random envelopes to reveal the patients’ groups. The patients were blinded to the allocation. The EIT and PEEP settings were performed by the anesthetist, not the radiologist. Due to the particularity of the intervention, the EIT intervention anesthesia was not blind to treatment allocation. Postoperative follow-up was conducted by a professional staff who did not know the design or purpose of the trial and collected the information after surgery. Data processing personnel do not know the process and purpose of the trial design.



Statistical methods

Our primary outcome indicator was the difference in patient pulmonary ventilation function between the two PEEP regimens, and a secondary outcome indicator was the difference in the incidence of postoperative PPCs between the two groups.

The sample size was calculated based on the difference in ventilation distribution in ROI 3 and ROI 4 between groups. According to our preliminary results and a previously reported study (23), we found out that 22 patients would be enrolled to obtain a 10% difference between groups with an alpha level of 0.05 and an SD of 10%. Considering a 10% dropout rate, 24 patients were planned to enroll and to be analyzed in each group.

The experimental data were analyzed and tested using GraphPad Prism 7.0 statistical software, and the measurement data were expressed as mean ± standard error (x ± s). Independent t-tests or the Mann–Whitney U-tests were used for comparisons between groups. The Tukey test was used for post-hoc comparisons. The chi-squared test was used to compare categorical data. p-values less than 0.05 were considered statistically significant. Pearson’s product-moment correlation coefficient test was used for correlation.




Results

As shown in Figure 2, a total of 52 subjects were offered the intervention, and finally, 48 patients were enrolled in the study according to the original study protocol (24 in group A; 24 in group B). Four patients were excluded for refusing surgery (n = 2) and making the decision to withdraw from the study (n = 2). We analyzed differences between patients’ clinical characteristics, including age, sex, BMI, ASA classification, duration of surgery, duration of anesthesia, crystal liquid, colloidal liquid, blood, plasma, and RBC transfusion volumes, the dosage of norepinephrine (NE), urine, total fluid input, and output. These indicators were not found to be statistically significant (p > 0.05). See Table 1 for more details.

[image: Figure 2]

FIGURE 2
 Flowchart of enrollment and outcomes. EIT, electrical impedance tomography; PEEP, positive end-expiratory pressure.




TABLE 1 Patient demographics and characteristics.
[image: Table1]


The optimal PEEP level

We analyzed the average individualized PEEP values of patients in group B at each time point. The average individualized PEEP at T1 time was 10.3 ± 1.5 cm H2O, T2 time was 10.2 ± 1.6 cm H2O, T3 time was 10.1 ± 1.8 cm H2O, and T4 time was 9.7 ± 2.1 cm H2O. Average values are shown in Figure 3. We also analyzed the relationship between individualized PEEP and ventilation in each ROI at different time periods. As shown in Figure 4A, at T3, individualized PEEP was negatively correlated with ROI 1 (R squared = 0.2956; p = 0.006) and positively correlated with ROI 3 (R squared = 0.2332; p = 0.0168) at T3, which suggested that the higher level of PEEP was associated with better dorsal lung ventilation at 4 h mechanical ventilation. In Figure 4B, individualized PEEP was negatively correlated with ROI 1 ventilation at T4 (R squared = 0.2029; p = 0.0272), which also suggested that the higher level of PEEP still works with lower ventral lung ventilation at 6 h.

[image: Figure 3]

FIGURE 3
 The average value of individualized PEEP in the experimental and control groups at different time periods. Statistic analysis. All data were expressed as mean ± standard error.


[image: Figure 4]

FIGURE 4
 Correlation of individualized PEEP with regions of interest at different times. (A) Correlation of PEEP at T3 time with ROIs 1 and 3. (B) Correlation of PEEP at T4 time with ROI 1. The results shown were all statistically significant (*p < 0.05).




Ventilation in each ROI at different time points between the two groups

Compared with group A under PEEP 5 cm H2O, the percentage of ventilation distribution in the ventral non-dependent lung areas ROI 1 and ROI 2 at T2, T3, and T4 significantly decreased in group B under individualized PEEP. Moreover, ventilation distribution under individualized PEEP was higher in dorsal gravity-dependent lung areas ROIs 3 and 4 than in group A at T1 to T4 (Figures 5A–D, *p < 0.05).

[image: Figure 5]

FIGURE 5
 The ventilation distribution in each ROI at different time points between the two groups. (A) The ventilation in ROI 1 between groups. (B) The ventilation in ROI 2 between groups. (C) The ventilation in ROI 3 between groups. (D) The ventilation in ROI 4 between groups. Statistic analysis. All data were expressed by mean ± standard error. ROI, region of interest. (*p < 0.05 vs. control group, ^p < 0.05 vs. T1).


We also analyzed how the ventilation distribution changed with time in each group. Compared with T1, the ventilation volume was significantly lower at T2, T3, and T4 in ROI 2 of group B under individualized PEEP. Accordingly, the ventilation volume was significantly higher at T2, T3, and T4 in ROI 3 of group B under individualized PEEP (^p < 0.05) (Figures 5B,C). Taken together, these results also suggested that the ventilation distribution moved backward under individualized PEEP adjustments with time. In group A under PEEP 5 cm H2O, the ventilation distribution in each ROI at each time point showed no change compared with T1 after intubation. See Table 2 and Figure 5 for more detailed data.



TABLE 2 Electrical impedance tomography and respiratory parameters during mechanical ventilation.
[image: Table2]

In the control group, group A, the driving pressure was 8.7 ± 2.4 cm H2O at T1, 10.1 ± 2.2 cm H2O at T2, 11.1 ± 2.2 cm H2O at T3, and 11.5 ± 2.3 cm H2O at T4, with a trend of increase, while in the individualized PEEP group, group B, the driving pressure was 8.5 ± 3.5 cm H2O at T1, 8.7 ± 4.0 cm H2O at T2, 8.5 ± 4.0 cm H2O at T3, 7.9 ± 4.2 cm H2O at T4, with a trend of decrease. There was a significant difference at T3 and T4 between groups, suggesting that an individualized PEEP setting was especially better for this kind of long-duration operation.

We tested the four ROIs by analyzing the ANOVA with different groups and time as two factors. The results are shown in Table 3. We found that, for ROIs 1 and 4, the difference in ROI ventilation between the two groups was only affected by the different PEEP regimens and not by time. For ROIs 2 and 3, the differences were affected by both time and PEEP regimen, and all differences were statistically significant (p < 0.05).



TABLE 3 For the iPEEP group and PEEP5 group differences in ventilation at different times.
[image: Table3]



Respiratory and circulatory function indicators

There was no significant difference in cardiac index, Stroke volume variability, partial pressure of oxygen (PO2), and dynamic lung compliance at any time point between the two groups (Figures 6A–C,E). The PCO2 of group B under individualized PEEP was significantly higher at T2 and T3 than that of group A under PEEP 5 (Figure 6D, p < 0.05), but it was still in the normal range. Compared with group A, the peak airway pressure at T1, T2, and T3 was significantly higher (Figure 6F, p < 0.05), the airway plateau pressure at T1 was significantly higher (Figure 6G, p < 0.05), and the average airway pressure at T1, T2, and T3 was significantly higher (Figure 6H, p < 0.05) in group B. However, all these indicator values in both two groups were clinically acceptable.

[image: Figure 6]

FIGURE 6
 Differences in hemodynamics and respiratory mechanics between the two groups. (A) Differences in cardiac index between the two groups of patients. (B) Stroke volume variability. (C) Oxygen partial pressure difference. (D) Difference in carbon dioxide partial pressure. (E) Differences in lung compliance. (F) Differences in peak airway pressure. (G) Airway plateau pressure differences. (H) Mean airway pressure differences. (*p < 0.05 vs. control group, ^p < 0.05 vs. T1).


Accordingly, we also analyzed the changes in respiratory and circulatory functions during the mechanical ventilation maintenance period in each group. In group B under individualized PEEP, the cardiac index was significantly increased at T2, T3, and T4 compared with T1 (Figure 6A, p < 0.05). For all the other respiratory and circulatory function indicators, the values were kept stable in group B under individualized PEEP throughout the 6 h mechanical ventilation. However, in group A under PEEP 5 cm H2O, the variability in Stroke volume at T3 and T4 was significantly lower than at T1. For respiratory function, the dynamic lung compliance at T3 and T4 was statistically decreased compared to T1 under PEEP 5 cm H2O (Figure 6E, p < 0.05). Meanwhile, in group A, the peak airway pressures at T3 and T4, the plateau pressure at T2, T3, and T4, and the mean airway pressure at T3 and T4 were significantly higher than T1 (Figures 6F–H, p < 0.05). See Table 2 and Figure 6 for more detailed data.



Differences in postoperative pulmonary complications between the two groups of patients

We analyzed the incidence of total PPCs under individualized PEEP or PEEP 5 cm H2O between groups. A total of 16 patients in group A (66.7%) and 9 patients in group B (37.5%) had different types of PPCs. We conducted a chi-squared test between the two groups and found that these differences were statistically significant (chi-squared value = 4.090; p < 0.05). More specifically, we analyzed the patients with different kinds of PPCs: 10 patients in group A and 6 patients in group B suffered pneumonia postoperatively; 7 patients in group A and 3 patients in group B developed atelectasis; 1 patient in group A and no patient in group B suffered hypoxia. Although the difference between the two groups did not reach statistical significance, there was a considerable trend toward a decrease in the development of pneumonia and atelectasis under individualized PEEP. See Figure 7.
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FIGURE 7
 Differences in postoperative complications between the two groups of patients. The total number of patients with PPCs, pneumonia, atelectasis, and hypoxia is shown. (*p < 0.05 vs. control group).





Discussion

Our study showed that the optimal PEEP for patients under CRS + HIPEC was 10 cm H2O, which was stable during 6 h of mechanical ventilation. The individual PEEP provided ventilation distribution back-shift and reduced the incidence of total PPCs for patients.

The optimal PEEP may vary for different operations, positions, or patients. He et al. (24) suggested an individualized PEEP guided by EIT of 10 cm H2O for laparoscopic abdominal surgery. Similar results were also reported by Severgnini et al. (25), comparing the 10 cm H2O PEEP group and the 0 cm H2O PEEP (ZEEP) group and finding that the 10 cm H2O PEEP group had better postoperative lung function, had fewer postoperative complications and pulmonary infections, and had a higher rate of discharge on postoperative day 14. Studies also showed that higher PEEP pressure (15 cm H2O) is better than lower (5 cm H2O) in some special postural surgeries (23). In some clinical trials, PEEP has been set with goals for optimal oxygenation (26) or based on optimal respiratory mechanics (27). In our study, we found significant differences in ventilation distribution between the two groups. The group under the guidance of EIT showed better ventilation in the dorsal areas of the lung and kept these areas open. This results in a more uniform ventilation distribution. In several previous retrospective studies, it was found that, when conventional PEEP level of 5 cm H2O was used for ventilation, the lungs could not be fully ventilated during surgery in some special positions (23, 28). Therefore, individual PEEP, under the guidance of EIT, can solve some special problems. Higher recovery of dorsal lung ventilation may exhibit beneficial physiological effects in the current study.

In some previous studies (29–31), the investigators also titrated PEEP with EIT, and the results were clinically significant, but it was not used in the previous report to apply it to longer procedures for comparison. In this study, titration was performed using the stable EIT-EELI method. EIT titration of individualized PEEP showed a decreasing trend with time, but the difference was not significant. There are many ways to titrate an individualized PEEP (32). (1) The EELI method involves increasing or decreasing PEEP levels by repeatedly measuring EELI levels until the EELI levels are stable (less than 10% decrease). In addition to improving patient oxygenation, this method can be used to set PEEP in patients with severe ARDS[1] and to titrate external PEEP in patients with severe asthma (33). (2) Costa’s approach indicates that the highest PEEP levels can lead to alveolar hyperexpansion and reduced lung compliance, while the lowest PEEP levels can lead to alveolar hyperexpansion and collapse. The intersection of the EIT curves was used to determine the optimal PEEP between alveolar hyperexpansion and alveolar collapse. It has been suggested that such a PEEP value poses a threat of alveolar overdistension and alveolar collapse, especially in patients with ARDS (34). The optimal PEEP level adjusted with time was guided by EIT every 2 h. Since the atelectasis and respiratory indicators may worsen with prolonged mechanical ventilation, our results suggested that the appropriate PEEP was stable during 6 h for patients under CRS + HIPEC. The ventilation distribution moved back and forth under individualized PEEP with time. For conventional PEEP, although the ventilation distribution did not change significantly, the peak airway pressure, plateau pressure, and mean airway pressure increased with time, accompanied by decreased dynamic lung compliance, which was consistent with our perception and indicated poor lung function after major surgery under long-term mechanical ventilation. The PCO2 was 41.0 ± 5.1 mmHg in group B and 38.1 ± 4.3 mmHg in group A at T2 and 41.8 ± 4.6 mmHg in group B and 38.0 ± 4.0 mmHg in group A at T3 (Figure 6D, p < 0.05). The PCO2 was higher in group B under individualized PEEP than that in group A under PEEP of 5 cm H2O. The difference in PCO2 was approximately 3 mmHg and within the normal range, but we still could not exclude whether some lung regions were overdistended in some patients. However, the PPCs were significantly decreased under an individualized PEEP. In future studies, we will employ more indexes to analyze the changes in dead space.

PEEP can also cause circulatory dysfunction. Too high PEEP levels can increase intrapulmonary pressure, compress the cardiovascular and alveolar septa, cause hemodynamic and oxygenation disorders through mechanical compression and the neurohumoral reflex, and even cause barotrauma and malignant arrhythmias (35). The effects of PEEP on the circulatory system were evaluated in our study. High PEEP can increase the average intrathoracic pressure, obstruct the return of the superior and inferior vena cava, reduce the cardiac preload, and lead to a decrease in the cardiac index. Dambrosio et al. (36) reported that PEEP can decrease the right ventricular ejection fraction and increase the right ventricular end-systolic volume. When a PEEP of 15 cm H2O is used, the circulatory function of the patient can be affected (23). In our study, the CI and SVV under individualized PEEP were not significantly different from conventional PEEP, suggesting that such a PEEP level might not affect the patient’s circulatory function. Besides, the total input (crystal liquid and colloidal liquid) and the dosage of NE used were not increased under individualized PEEP.

In our study, pneumonia and atelectasis were the main types of PPCs after CRS + HIPEC. EIT-guided individualized PEEP strategies significantly reduce the incidence of total PPC compared with conventional PEEP. Additionally, the trend of pneumonia and atelectasis was considerably lower in the individualized PEEP group. Mechanical ventilation-related atelectasis may lead to lung injury. Previous studies have shown that (37) atelectasis injury is associated with forced repeated opening and closing of the distal trachea, and high-frequency oscillatory ventilation, or PEEP, can avoid or reduce atelectasis injury (38). Similar results were shown by Zhang et al. (39), who showed that individualized PEEP of approximately 10 cm H2O diminished the area of atelectasis and the overall severity of PPCs after open upper abdominal surgery (40). Controversial results that individualized PEEP had no effect on postoperative lung function or PPCs were also reported, which might be due to the different types of operations and risks of developing PPCs (23, 24).

The type of surgery selected for this experiment was abdominal thermal perfusion chemotherapy, which can cause pathophysiological changes in the lungs and increase pulmonary complications. The surgical approach is complex, the operation takes a long time, and the patient needs to be put on prolonged mechanical ventilation. Patients in a hyperthermic environment had an increased metabolism, increased acidic metabolites, and increased CO2 production, which can cause metabolic combined respiratory acidosis. Hyperthermia can also cause interstitial pulmonary edema when combined with increased abdominal pressure, increased airway pressure, decreased lung dynamic compliance, and impaired ventilation distribution (41–43). Therefore, in this experiment, pneumonia had a higher percentage of pulmonary complications. Our study found that, after titration of PEEP values using EIT, it effectively reduced postoperative complications in patients. EIT can help determine the appropriate PEEP for these types of laparotomies. Without the help of an EIT device, our findings demonstrate that PEEP levels of 10 cm H2O or higher seem to cause fewer postoperative pulmonary complications than those caused by 5 cm H2O.

Our study has certain limitations. First, we only investigated the short-term PPCs that occurred 7 days after surgery. In future studies, longer postoperative periods like 1 month or 3 months follow-ups could be included. Second, the sample size was small, and the trial was performed in a single central hospital. Therefore, the findings need to be further confirmed with a larger number of multicenter patients. Third, the patients employed had normal cardiac and lung functions, so the results could not be extrapolated to patients with preoperative cardiac or lung dysfunctions. Finally, some factors such as BMI and duration of surgery were not corrected with individualized PEEP. Owing to the small sample size and the certain inclusion range of BMI/ duration of surgery, we will perform studies in this direction in the future.



Conclusion

This research suggested that the appropriate individualized PEEP was stable at 10 cm H2O for 6 h for patients under mechanical ventilation and CRS + HIPEC. EIT-guided individualized PEEP strategies provided better intraoperative ventilation distribution and lower PPC incidence than conventional PEEP.
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Background: Regional cerebral oxygen saturation (rSO2) monitoring is a real-time and non-invasive technique for estimating the balance of regional cerebral oxygen supply and consumption. Despite the growing popularity of this monitoring technique, data regarding outcome benefits remain sparse and contradictory. This study was conducted to explore the popularity and understanding of cerebral oxygen saturation monitoring during anesthesia in geriatric patients.

Methods: An online self-report questionnaire was distributed in March 2021 to various hospitals in China for dissemination to anesthesiologists. Questions surveyed cerebral oximetry equipment and utilization, demographics, and clinical practice of participants.

Results: In total, 447 anesthesiologists responded. Of these, 301 (67.3%) respondents reported that their hospitals were equipped with cerebral oximetry, which 274 anesthesiologists use during anesthesia. A high percentage of anesthesiologists chose to monitor rSO2 during cardiac surgery (77.4%, n = 212) and neurosurgery (40.5%, n = 111). Most anesthesiologists agreed that a 30% reduction from the rSO2 baseline requires intervention to avoid cerebral ischemia, mainly via elevating arterial pressure and fraction of inspired oxygen (FiO2). Of those without cerebral oximetry, 138 of 146 (94.5%) anesthesiologists were willing to monitor rSO2. In addition, 291 respondents believed that cerebral oxygen monitoring would help prevent postoperative cognitive dysfunction.

Conclusion: Our survey indicated that the prevalence of cerebral oximetry remains relatively low, while almost all anesthesiologists expressed their willingness to use rSO2 monitoring in geriatric anesthesia. Heterogeneity in clinical practice was identified, indicating relevant knowledge gaps that should encourage further clinical research to optimize treatment.
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regional cerebral oxygen saturation, geriatric anesthesia, postoperative cognitive dysfunction, cerebral oximetry, descriptive study


Introduction

Regional cerebral oxygen saturation (rSO2) monitoring, based on near-infrared spectroscopy (NIRS), is a real-time and non-invasive technique for estimating the balance of regional cerebral oxygen supply and consumption (1). The brain consumes the highest percentage of oxygen by weight and is very vulnerable to hypoxia. The imbalance of oxygen supply and consumption during the perioperative period in the brain will inevitably lead to adverse outcomes, especially in geriatric patients. Previous studies found that patients with substantial cerebral oxygen desaturation during anesthesia might develop an increased incidence of adverse perioperative outcomes, including postoperative cognitive dysfunction (POCD), major organ failure, and mortality (2, 3). Therefore, the proper management of brain oxygenation is essential to providing effective anesthesia care for geriatric patients.

Once brain hypoxia occurs in the perioperative period, in addition to brain aging and systemic comorbidities, elderly patients will likely experience accelerated functional decline of the brain and other organs (4, 5). The demanding nature of oxygen balance for geriatric patients might increase the incidence of disability related to anesthesia in the absence of rSO2 monitoring, which may seriously affect the long-term quality of life after surgery and increase the burden of care on the patients' family and social network (6, 7). Given that China's population is aging, the proportion and number of geriatric patients will continue to increase rapidly. Therefore, rSO2 monitoring during anesthesia in geriatric patients may be an option that can be considered in clinical practice to reduce adverse outcomes (8).

Although there are hundreds of reports outlining numerous plausible uses for rSO2 monitoring during anesthesia, it remains difficult to implement, even at tertiary hospitals in China because of the growing number of geriatric surgeries and the shortage of devices. There are no reports on the use of rSO2 monitoring to manage anesthesia in geriatric patients in China. Hence, the present survey was conducted to explore the popularity of cerebral oxygen saturation monitoring and describe the current understanding of cerebral oximetry-guided geriatric anesthesia at hospitals in China.



Materials and methods

This study was approved by the Medical Ethics Committee of the Second Xiangya Hospital Central South University (No. 2019S402). Informed consent was obtained from all participants. No incentives were provided for survey participation.


Participants

The participants were recruited from various hospitals in China through convenience sampling. According to a recent report (9), there are more than 90,000 anesthesiologists in China. The sample size (n) was calculated using Raosoft software (available online at http://www.raosoft.com/samplesize.html). Keeping the confidence interval at 95% and the error margin at 5%, the representative sample size was calculated as 383 based on the population size of 90,000. Considering the non-response rate of 10%, the total minimal sample size should be set at 421. A total of 483 anesthesiologists, who demonstrated a full understanding of the purpose of the study and methods, were enrolled. The inclusion criteria for the participants were as follows: (1) being an anesthesiologist for more than 1 year in China; (2) being able to speak and read Chinese; and (3) voluntarily agreeing to participate in this study. We excluded individuals who had not worked in a clinical position for at least 3 years.



Questionnaire development

Before the survey started, the literature related to cerebral oxygen saturation monitoring was searched in public databases such as PubMed, EMBASE, and Google Scholar. After the literature review, a preliminary questionnaire was sent to six anesthesiologists for editing and modification to ensure integrity and clarity. The final questionnaire was improved by clarifying the description of the clinical information and available answers and changing the order of the questionnaire. All of them were closed-ended questions (multiple-choice or checkbox).

The electronic questionnaire was first distributed to the vice chairpersons of the Youth Group of the Anesthesia Branch of the Chinese Medical Association (CSA) and then sent to the anesthesiologists in their respective hospitals. The questionnaire was distributed to anesthesiologists via WeChat, and a single reminder letter was sent 1 week later if the anesthesiologists had not yet answered. After the participants signed the written informed consent forms, the complete questionnaire for the online survey was sent to anesthesiologists. Of the 483 questionnaires sent, 461 were completed. We carefully examined the questionnaires and excluded those with completion times of <100 s and those with contradictory answers or duplicate responses. Thus, 447 questionnaires from 23 administrative regions were included in the final analysis (Figure 1). A response rate of 92.5% is ideal for further data analysis (10). Participant information was coded electronically for data storage, and the investigator's computer was password-protected to prevent unauthorized access. Participants were not asked to provide their personal information, such as their name and the hospital where they worked.
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FIGURE 1
 Flowchart for investigative procedures.




Data collection procedures

Data were collected through online self-report questionnaires via WeChat from 19 March to 25 April 2021. Details of basic characteristics, including sex, education level, annual number of anesthesia procedures for geriatric patients, hospital level, hospital type, years of employment, and professional title, were collected from a self-report questionnaire. The hospital level was divided into tertiary and primary hospitals (11). The hospital type was divided into general and specialized hospitals. Years of employment were divided into four groups: within 5 years, 6–10 years, 11–20 years, and over 20 years. The professional title was divided into five categories, including junior (medical assistant and resident), intermediate (attending physician), deputy senior (associate chief physician), and senior (chief physician), which are different from rankings used in Europe and America (9).

Data on rSO2 monitoring were collected based on the following questions: “Is your hospital's surgical anesthesia department equipped with cerebral oximetry?”, “Do you monitor cerebral oxygen saturation during anesthesia for geriatric patients (age ≥ 60 years old)?”, “If your hospital equipped with cerebral oximetry, would you consider using it during anesthesia?”, [sic] and “What cutoff value of the cerebral oxygen saturation declined from baseline during anesthesia should be intervened to avoid cerebral ischemia?”.



Statistical analysis

Data analysis was performed using the SPSS Statistics software version 21.0 (IBM; Armonk, New York, USA). Descriptive statistics were used to summarize the sample characteristics and study variables. Categorical variables were summarized with frequencies and percentages.




Results


Demographic characteristics of respondents

The demographic characteristics of the respondents are shown in Table 1. Most anesthesiologists came from tertiary hospitals (87.9%, n = 393) and general hospitals (93.7%, n = 419). Generally, a total of 217 (48.5%) anesthesiologists had a master's degree, and 183 (40.9%) were physicians-in-charge. All respondents were evenly distributed across the time period of their working experience as anesthesiologists. Moreover, a total of 301 (67.3%) anesthesiologists reported that their hospitals were equipped with cerebral oximetry.


TABLE 1 Sociodemographic characteristics of the study sample.

[image: Table 1]



The willingness to monitor cerebral oxygen saturation

For respondents who reported owning cerebral oximetry, 274 of 301 (91.0%) anesthesiologists claimed that they sometimes choose to monitor cerebral oxygen saturation during geriatric anesthesia depending on the physiology of patients and type of surgery, while 27 (9%) anesthesiologists never monitor cerebral oxygen saturation (Table 2). For the anesthesiologists who did not own the cerebral oximetry, 138 of 146 (94.5%) participants were willing to monitor rSO2 during anesthesia, and the proportion increased with years of working as anesthesiologists.


TABLE 2 Sociodemographic for participants who are willing to monitor cerebral oxygen saturation with the present of cerebral oximetry or not.
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Clinical practice of cerebral oximetry

For anesthesiologists equipped with devices, a high percentage of anesthesiologists chose to monitor rSO2 during cardiac surgery (77.4%, n = 212) or neurosurgery (40.5%, n = 111), rather than thoracic surgery (28.1%, n = 77), orthopedic surgery (22.3%, n = 61), and general surgery (17.2%, n = 47) (Figure 2A). Most of the anesthesiologists (42.7%, n = 117) stated they would take appropriate measures for increasing cerebral oxygen saturation to avoid cerebral ischemia when rSO2 declines by 30% from the baseline value (Figure 2B). A total of 247 (90.1%) anesthesiologists recognized that the most direct way to increase brain oxygen saturation is to elevate mean arterial pressure, followed by elevating FiO2 (67.2%, n = 184), decreasing partial pressure of carbon dioxide (PaCO2) (if <35 mmHg) (42.0%, n = 115), and providing vasoactive agents (39.4%, n = 108) and hemoglobin (33.9%, n = 93) (Figure 2C). In addition, most of the anesthesiologists believe that sevoflurane (89.8%, n = 246) and propofol (89.4%, n = 245) can be guided by a cerebral oxygen saturation monitor (Figure 2D).
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FIGURE 2
 Answer distribution on the clinical practice and cutoff value of cerebral oxygen saturation monitoring in respondents who owned cerebral oximetry. (A) Answer distribution on which surgery the respondents would monitor cerebral oxygen saturation. (B) Answer distribution of the question: “what cutoff value of the cerebral oxygen saturation declined from baseline during anesthesia should be intervened to avoid cerebral ischemia?”. (C) Answer distribution of the question: “which intervention would be chosen to improve hypoxia if cerebral oxygen saturation declined?”. (D) Answer distribution of the question: “Which anesthetic could be guided during cerebral oxygen saturation monitoring?”.




Association between rSO2 and risk of POCD

Questions related to the POCD indicated that 122 of 301 (40.5%) respondents from the hospitals equipped with cerebral oximetry usually evaluated the POCD for geriatric patients after surgery, and 153 (50.8%) anesthesiologists did it sometimes (Figure 3). Notably, 65 of 122 (53.3%) anesthesiologists who usually evaluated POCD after surgery well understood the association between cerebral oxygen saturation and risk of POCD, but only 35 of 153 (22.9%) anesthesiologists who occasionally evaluated POCD after surgery well understood it. However, most respondents (96.7%, n = 291) considered that cerebral oxygen saturation monitoring could help reduce the incidence of POCD.
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FIGURE 3
 Summary of POCD evaluation and understanding the association between cerebral oxygen saturation monitoring and risk of POCD in respondents who owned cerebral oximetry.





Discussion

The present study was designed to investigate the popularity and knowledge of cerebral oxygen saturation monitoring among anesthesiologists in China. The results revealed that the clinical use of cerebral oxygen monitoring in China remains limited, primarily due to the shortage of cerebral oximetry, of which only 67.3% of anesthesiologists reported that their hospitals were equipped with the devices. In addition, clinical practice varied in the anesthesia management process when cerebral desaturation and oxygen saturation occurred. Moreover, anesthesiologists, who usually evaluate POCD after surgery, were familiar with the potential association between POCD and decreased cerebral oxygen saturation.

Cerebral oxygen saturation monitoring is a real-time and non-invasive method to maintain cerebral oxygen balance. It measures the relative proportions of arteriovenous blood and capillary blood components in the target area and takes the weighted average of the arteriovenous blood oxygen saturation in the local brain tissue to reflect the changes in the balance of oxygen supply and oxygen consumption in the brain (12, 13). However, cerebral oximetry has not yet been widely used in operating rooms and intensive care units around the world (14, 15). In the present study, only 67.3% of anesthesiologists in China reported that their hospitals were equipped with cerebral oximetry, despite the fact that our survey might not well reflect the universal use in China. Nevertheless, over 90% of the anesthesiologists had used or were willing to use rSO2 monitoring regardless of whether their hospitals were equipped with cerebral oximetry instruments or not. The most likely reason for the low rate of utilization of rSO2 monitoring is the accessibility of instruments. Moreover, given the different utilization rates in different surgeries, a lack of guidelines or consensus on the appropriate use of cerebral oximetry may be the reason for its limited use in specialty surgeries during anesthesia. This unconventionally recommended field of use of cerebral oximetry was only common in specific departments, such as neonatology, cardiac, and neurology, which perhaps reflects different levels of confidence concerning the true benefit that cerebral oximetry imparts or institutional practices (16, 17). A global survey of NIRS application in neonatal intensive care units (NICUs) found that only 85 of 235 NICUs owned a NIRS device, but of these, only 9% and 3% used it routinely to guide treatment and prognosis, respectively (18). Apart from a lack of evidence for its clinical guidelines, the relatively high cost of cerebral oximetry, both toward upfront and ongoing costs associated with NIRS technology as well as the monitoring sensors (~$200 per patient), is also of great concern to hospitals and researchers.

The limited utilization of cerebral oxygen monitoring in China may be attributed to various factors. Financial constraints and inadequate insurance coverage may present a burden on patients and anesthesiologists, impeding the widespread adoption of this technique. Insufficient educational and training opportunities might contribute to a lack of awareness and proficiency among practitioners. Additionally, restricted accessibility to cerebral oximetry instruments, especially in secondary hospitals and resource-constrained areas, could hinder implementation. To promote greater utilization, it is necessary to address these barriers by improving insurance policies, enhancing education and training programs, and increasing the availability of equipment. Moreover, comparing international practices and fostering collaborative research efforts could offer valuable insights for overcoming challenges and facilitating the broader adoption of cerebral oxygen monitoring in China.

Although no consensus recommends routine use of cerebral oximetry during anesthesia, evidence from several studies has shown its role in clinical utility, which cannot be ignored (17). Cerebral oximetry-guided cardiac anesthesia, especially during cardiopulmonary bypass, has been shown to significantly reduce mortality and morbidity and is associated with shorter intensive care unit hospital stays (19, 20). In a randomized controlled study of 122 otherwise healthy elderly patients undergoing nonvascular abdominal surgery, control patients (rSO2 was monitored but not displayed) who developed intraoperative cerebral desaturation had a lower mini-mental state examination score at the 7th postoperative day and a longer hospital length of stay than patients in the intervention group (rSO2 was maintained at ≥75% of the baseline value) (8). For local anesthesia, stump pressure measurement, NIRS, and transcranial Doppler provided similar accuracy for the detection of cerebral ischemia during carotid surgery (21). Our findings suggested that a higher proportion of anesthesiologists who are equipped with cerebral oximetry would consider monitoring rSO2 during cardiac surgery (77.4%, n = 212) or neurosurgery (40.5%, n = 111), whereas none of them use this technology routinely during anesthesia. Similar to our results, a study by Turra et al. investigated the clinical utility of NIRS in cardiac surgery and found that 69.9% of anesthesiologists considered NIRS to be an essential or useful monitor and made treatment decisions based on NIRS (22). These results suggested that anesthesiologists who are willing to use cerebral oximetry expect to achieve better clinical efficacy by real-time monitoring of hypoxia in patients, similar to pulse oximetry. However, there is still some vagueness in how cerebral oximetry guides anesthesia.

A decrease in cerebral oxygen saturation indicates an imbalance in brain oxygen supply, which may result in hypoxic damage to peripheral organs prior to affecting the brain due to disparities in blood supply and oxygen distribution (23, 24). The anesthesiologist needs to perform necessary drugs or physiological interventions to improve hypoxia during anesthesia for preventing or minimizing ischemia damage. Our study found that 90.3% of anesthesiologists would like to adjust anesthetic drugs (isoflurane and propofol) for elevating arterial pressure to ensure adequate blood supply in the brain. However, it is difficult to determine the absolute cutoff value of rSO2 for physiological interventions based on the currently available data (19). There is wide intra- and interindividual baseline variability in rSO2. The “normal” range lies between 60% and 75%, with a coefficient of variation for absolute baseline values of approximately 10% (25, 26). It has been reported that rSO2 <50% or a 20% reduction from the individual baseline is generally considered indicative of the need for intervention (19, 27). In the present survey, most anesthesiologists, based on years of clinical experience, agreed that a 30% reduction from the rSO2 baseline requires intervention. Due to the inter-device variability and variability in oxygen saturation targets, this recognized bias might limit the application of the true clinical value of this device, which should be eliminated by compelling evidence from large randomized controlled trials in the future. Therefore, it might be a good practice to use cerebral oximetry as a trend monitor at present.

Geriatric anesthesia is challenging for anesthesiologists in many ways. Many geriatric patients experience age-dependent physiological changes (with or without chronic illness) that increase the risk of POCD, length of hospital stay, treatment costs, and perioperative death (28, 29). All these findings highlight the importance of perioperative anesthesia management in geriatric patients. POCD occurs in 20% to 40% of patients > 60 years of age after major surgery and hospitalization (30). Preventing intraoperative hypotension, especially the maintenance of cerebral perfusion, is indeed important for minimizing the risk of POCD. In several studies, intraoperative declines in rSO2 values were associated with the risk of POCD and cognitive changes (31, 32). Our survey found that 96.7% of anesthesiologists agreed that cerebral oxygen monitoring would be helpful for preventing POCD, despite the fact that the data might be greater than actual in practice due to “faking good” or social desirability bias. Importantly, most anesthesiologists hope to have more effective monitoring instruments to help maintain normal for all physiological indicators during anesthesia, reduce the risk of POCD, and improve patient prognosis. This urgent expectation of anesthesiologists for assistance in anesthesia management and postoperative care also prompts the need for large randomized controlled trials to identify the clinical value of NIRS. Recently, a total of six pilot trials have explored the feasibility of cerebral oxygen saturation monitoring for POCD reduction (NCT01839227; NCT03107260; NCT02532530; NCT01149148; NCT02342236; and NCT04714346), and several studies measured the cerebral saturation for assessment of safety of different anesthesia strategies (NCT02967029; NCT01147146; NCT03349658; NCT02327494; NCT03817112; NCT02834845; and NCT03161275).

This study presents some limitations. First, it is difficult to survey all anesthesiologists due to the vast geographical size of China. Selection bias was inevitable because the questionnaires were distributed by the vice chairperson of the Youth Group of the National Society of Anesthesiology across China. Second, there were few responses from anesthesiologists working at secondary hospitals. In addition, multiple anesthesiologists from the same hospital may have filled out the questionnaire, and we cannot comment on the generalizability of these results to those hospitals, which might overrate the number of cerebral oximetry. Third, the questionnaire lacks certain aspects of data, such as the different clinical values of rSO2 monitoring in guiding local or general anesthesia and subgroup analyses of specific NIRS usage for cardiovascular surgery, neurosurgery, or orthopedic surgery. Moreover, the rSO2 values can be affected by various factors, such as skin pigmentation, extracranial contamination, and physiological conditions (2, 19, 33). Changes in physiological conditions may, in turn, lead to changes in cerebral blood flow or oxygen content. This issue might also influence the decisions of the participants on the necessity of rSO2 monitoring. Furthermore, similar studies with well-designed and large samples must be conducted in other countries.



Conclusion

The survey on rSO2 monitoring in geriatric anesthesia indicates a relatively low prevalence of cerebral oximetry utilization, with some heterogeneity in clinical practice and anesthesia management. This study highlights that almost all participants expressed their willingness to use rSO2 monitoring in geriatric anesthesia. The limited availability of equipment and relevant knowledge gaps underscore the need for further clinical research to optimize treatment strategies, establish uniform guidelines or recommendations, and provide adequate training.
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Objective: Despite its frequency and associated negative effect, delirium remains poorly recognized in postoperative patients after ICU admission, especially among those who have undergone cardiac surgery with cardiopulmonary bypass. Postoperative delirium is triggered by a wide variety of acute medical conditions associated with impaired neuronal network connectivity. The lack of objective biomarkers primarily hinders the early detection of delirium. Seeking early biomarkers for tracking POD could potentially assist in predicting the onset of delirium and assessing the severity of delirium and response to interventions.

Methods: QEEGs were taken from 46 sedated postoperative patients, with 24 of them having undergone cardiac surgery. The assessment of delirium was performed twice daily using the Confusion Assessment Method for the ICU (CAM-ICU) to screen for postoperative delirium (POD). QEEG data were interpreted clinically by neurophysiologists and processed by open-source EEGLAB to identify features in patients who had or did not have POD after cardiac or non-cardiac surgery.

Results: The incidence of delirium in patients after undergoing cardiac surgery was nine times greater than in those after non-cardiac surgeries (41.7% vs. 4.5%; p = 0.0046). Patients with delirium experienced longer use of mechanical ventilation (118 h (78,323) compared to 20 h (18,23); p < 0.0001) and an extended ICU length of stay (7 days (6, 20) vs. 2 days (2, 4); p < 0.0001). The depth of anesthesia, as measured by RASS scores (p = 0.3114) and spectral entropy (p = 0.1504), showed no significant difference. However, notable differences were observed between delirious and non-delirious patients in terms of the amplitude-integrated EEG (aEEG) upper limit, the relative power of the delta band, and spectral edge frequency 95 (SEF95) (p = 0.0464, p = 0.0417, p = 0.0337, respectively).

Conclusion: In a homogenous population of sedated postoperative patients, robust qEEG parameters strongly correlate with delirium and could serve as valuable biomarkers for early detection of delirium and assist in clinical decision-making.
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Introduction

Delirium is a common acute brain dysfunction characterized by fluctuating mental status with temporal and spatial disorientation, inattention, and disorganized thinking. It is associated with negative outcomes, including prolonged intensive care unit (ICU) and hospital stays, increased days of mechanical ventilation, and both short-term and long-term cognitive decline, leading to higher mortality rates (1). Postoperative delirium (POD) is a form of delirium commonly observed during postoperative periods and following anesthesia, especially in patients who have undergone cardiac surgery involving cardiopulmonary bypass in the ICU. The incidence of POD in older patients is estimated at 4.1–54.9% after cardiac and non-cardiac surgery (2–5). The duration of delirium is an independent risk factor for cognitive impairment in critically ill patients (6). Cardiac surgery after cardiopulmonary bypass carries a higher risk of delirium, and cardiopulmonary bypass is implicated in the etiology of delirium. Multiple etiological factors may contribute to delirium in a patient. Regardless of the primary etiology, impaired neuronal network connectivity that becomes less integrated may be the final driver of delirium syndrome (7). However, no quantitative biomarkers could track neural network disturbance (8). It is poorly understood that the contributor to POD involves qEEG features in cardiac surgery patients requiring cardiopulmonary bypass. Therefore, seeking early biomarkers for tracking POD could potentially assist in the advanced detection, diagnosis, and clinical management of delirium.

Electroencephalography (EEG) is a handy and highly sophisticated clinical brain monitoring tool. It provides a non-invasive bedside means to assess the function of cortical and subcortical neural networks. Nevertheless, EEG relies on trained electroencephalographers to interpret EEG features, limiting its use in ICU (9). Quantitative EEG (qEEG) breaks the barriers and easily integrates large amounts of raw critical care continuous EEG (cEEG) data. It is widely used in patients with seizures and ischemia, for vasospasm detection, for identifying the depth of sedation, and for obtaining the prognosis after cardiac arrest (10). Postoperative delirium is triggered by a wide variety of acute medical conditions. Neural network disturbance is a likely mechanistic linker between neuroinflammation and cognitive impairments in psychiatric disorders (11). EEG is greatly sensitive to cortical and subcortical neuronal potential changes. However, a poorly understood contributor to postoperative delirium involves EEG features in critically ill patients (12). EEG is not diagnostic yet. Delta or theta waves are generated by the thalamus and cells in layers II-VI of the cortex, while alpha waves derive from cells in layers IV and V of the cortex (13). The decline in the Alpha-Delta ratio (ADR) indicates decreased connectivity strength and decreased network integration. The combination of EEG wave morphology and qEEG could append and quantify neuronal electrical activity associated with the fluctuating disturbance of consciousness and serve as a potential solution to detect delirium onset and its severity (14). Understanding POD EEG patterns and qEEG parameters is the precondition and the key to its prediction and early interventions for cardiac and non-cardiac postoperative delirium.

This study aimed to develop a qEEG monitoring method to distinguish patients with delirium after non-cardiac surgery from those after cardiac surgery requiring cardiopulmonary bypass. We plan to derive qEEG characteristics from discriminating delirium from non-delirium under sedation, focusing on effectively implementing delirium detection and prevention strategies.



Method


Study design and patients

This study was a prospective observational study conducted on postoperative patients receiving non-cardiac and cardiac surgery in the ICU of Peking Union Medical College Hospital (PUMCH). The inclusion criteria were patients scheduled for non-cardiac and cardiac surgery requiring cardiopulmonary bypass (e.g., coronary artery bypass grafting, heart valve repair/replacement, and aortic repair/replacement) with postoperative admission to the ICU for at least 24 h from January 2022 to September 2022. Cardiopulmonary bypass is implicated in the etiology of delirium. We plan to find the mechanism by which cardiopulmonary bypass precipitates delirium using quantitative EEG. It is poorly understood that the contributor to postoperative delirium involves qEEG features in cardiac surgery patients requiring cardiopulmonary bypass. Non-cardiac surgery patients served as the control group without cardiopulmonary bypass circuits. Both cardiac and non-cardiac surgeries (e.g., cytoreductive surgery and pancreatoduodenectomy) were complex (Level 4 surgery) and performed by experts with many years of experience. EEG data were collected under sedation within 24 h of the patients’ admission to the ICU after the surgery. Delirium was assessed twice a day during the ICU stay.

The exclusion criteria were severe neurologic and psychiatric disease, hypoxia, hypoglycemia, life-threatening organic conditions, chronic therapy with antipsychotics and/or benzodiazepines, blindness, deafness, and an inability to speak Chinese. Patients were matched on age, gender, and comorbid conditions. This prospective observational study was approved by the Institutional Research and Ethics Committee (IREC) of PUMCH (number JS-3575). Patients are free to consent or withdraw from this non-invasive, harmless study. Eligible participants will sign the written informed consent before enrollment. A flowchart for the inclusion and exclusion of eligible patients is shown in Figure 1.
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FIGURE 1
 A flow diagram for the inclusion and exclusion of eligible patients.




Postoperative delirium diagnosis

The gold standard for delirium is psychiatric assessment according to DSM-5 criteria, but it requires systematic psychiatric training. For ICU patients, the combination of the Richmond Agitation and Sedation Scale (RASS) (15) and the Confusion Assessment Method for the ICU (CAM-ICU) (16) is an alternative, efficient, and validated delirium assessment. CAM-ICU has excellent agreement with DSM-5 criteria for delirium. It was performed twice a day to screen for POD from four essential aspects: 1) acute onset, 2) altered level of consciousness, 3) inattention, and 4) disorganized thinking, with a sensitivity of 94% and a specificity of 89%. POD incidence was coded as a binary variable defined by CAM-ICU, positive or negative.



EEG data collection

All EEG acquisitions were performed on a Nicolet EEG instrument with amplifiers controlled by Nicolet™ EEG system software (Natus Neurology Incorporated, Middleton, WI, United States). A wearable headset device was utilized for all postoperative patients to obtain consistent and adequate-quality EEG data. It can adjust its circumference and electrode position according to the patient’s head features for a proper fit. The participants wore the device for 1 h for EEG recording under sedation within 24 h after they were admitted to the ICU. RASS scores and EEG spectral entropy were used to assess the depth of anesthesia. Most postoperative patients were in moderate or deep sedation (RASS−3 or SE 40–50), which means that they could not complete any instructions, and no agitation was observed during this process. EEG acquisition was conducted in accordance with the international 10/20 system, using Fz as the ground electrode and Cz as the reference electrode. All electrode impedances were confirmed to be lower than 10 KOhm. We set the sampling rate to 256 Hz and adjusted the band-pass filter from 0.1 to 40 Hz. We then configured the timebase to 30 mm/s and the sensitivity to 70 uV/cm before initiating the recording.



QEEG processing and analyzes

EEG data were analyzed to derive qEEG characteristic parameters in the longitudinal bipolar montage using open-source EEGLAB (version 2022.0; https://eeglab.org/) processing in MATLAB 2022 (Mathworks, MA, United States). Raw EEG data were filtered by a 0.5 Hz high-pass and a 40 Hz low-pass filter. In our study, qEEG-derived variables are listed in Table 1. Spectral entropy could objectively reflect the brain’s electric behavior in response to the depth of anesthesia through the complexity of EEG signals. Amplitude-integrated EEG was defined as the lower and higher border amplitudes of the EEG signal according to cerebral function and integrated brain activity. The relative alpha variability was defined uniquely as 6–14 Hz frequency power divided by the total power (1–20 Hz) over a 2-min recording, reflecting cerebral blood flow. Relative spectral power was computed using a fast Fourier transformation and averaged over all channels and epochs. QEEG data were carefully interpreted with raw EEG data and double-checked by neurophysiologists, excluding the interference of the ICU environment. EEG quantitative parameters were presented as the average value of the left and right frontal (Fp1, Fp2), central (C3, C4), temporal (T3, T4), and occipital (O1, O2) EEG recording channels.



TABLE 1 EEG quantitative parameters involved in this study.
[image: Table1]



Sample size and power

Based on the patient database of PUMCH in the past 5 years, the POD incidence of cardiac and non-cardiac groups is 35.3% versus 4.6%. Thus, we assume that the incidence of POD would be 35% in the cardiac cardiopulmonary bypass surgery group and 5% in the non-cardiac surgery group. The clinical difference in POD incidence in the two groups would be 30%. Setting two-tailed type I error 0.05 and statistical power 0.80, n = 21 patients per group, would enable us to detect that absolute difference. Therefore, we planned to recruit 21 participants undergoing elective surgery in each group at PUMCH.



Statistical analysis

The qEEG characteristic parameters were presented as means with standard deviations (SD). Pairwise comparisons between the non-cardiac and cardiac groups were investigated using Welch’s t-test (two-sided) or a one-way analysis of variance (ANOVA). Statistical analysis was carried out using SPSS version 26 (IBM, Armonk, NY, United States).




Result


Patient characteristics and outcome

A total of 46 patients were involved in this study, of whom 24 were admitted to the ICU after cardiopulmonary bypass surgery. Patient characteristics are shown in Table 2. Ten of 24 cardiac surgical patients were delirious, and 14 were not delirious. POD incidence was significantly higher in those who had undergone cardiac surgery [41.7% vs. 4.5%; p = 0.0046]. Patients with delirium had longer hours of mechanical ventilation [118 h (78,323) vs. 20 h (18,23); p < 0.0001] and ICU length of stay [7 (6, 20) vs. 2 (2, 4); p < 0.0001] after cardiac surgery. The baseline scores of APACHE II and SOFA in the delirious and non-delirious groups were 14 (13,17) vs. 12 (11,15) [p = 0.0746] and 10 (8, 13) vs. 6 (5, 8) [p < 0.0001], respectively. Despite significantly different doses of midazolam used between groups, there was no difference in the depth of anesthesia assessed by RASS scores or spectral entropy. Therefore, to minimize the disturbance of sedation after ICU admission, we consistently conducted and recorded study-specific EEGs both between and within groups.



TABLE 2 Patient characteristics and outcome.
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Quantitative EEG analysis

POD mainly occurred in the first 48 h (8 of 11) after ICU admission. The mean (standard error of mean, SEM) of qEEG characteristics has been displayed in Figure 2. Table 3 shows the quantitative analysis of EEG derivations between the cardiac and non-cardiac groups. For the variables identified, there was no statistically significant difference in spectral entropy (SE) and amplitude-integrated EEG (aEEG) upper and lower limits between groups (p = 0.0885, p = 0.4580, p = 0.3079, respectively) in this study. The mean (SEM) relative alpha variability (RAV) for each group was 24.9 (2.4) for the cardiac group and 33.4 (2.78) for the non-cardiac group (p = 0.0295). The relative delta wave increased (p = 0.0006), while the alpha (p = 0.0056) and beta (p = 0.0062) waves decreased in cardiac surgical patients. This corresponded to a lower spectral edge frequency of 95 (SEF95) (9.46 vs. 14.31 Hz; p = 0.0003).

[image: Figure 2]

FIGURE 2
 Quantitative EEG analysis of cardiac and non-cardiac surgical patients. (A) Spectral entropy estimates for the cardiac (blue) and non-cardiac (red) groups. (B) Amplitude-integrated EEG of two groups; data are presented as upper and lower limit; blue and red for cardiac subjects; green and gray for the other. (C) Relative alpha variability for cardiac (blue) and non-cardiac (red) subjects. (D,E) Relative power per frequency band of delta (purple), theta (blue), alpha (green), beta (yellow) wave for patients. (F) Lower spectral edge frequency 95 in the cardiac group (blue) compared to the control(red) (p = 0.0003). Data are presented as mean ± SEM for the average value of all eight recoding channels and epochs.




TABLE 3 QEEG characteristics.
[image: Table3]

When we restricted our analyzes to intra-group cardiac surgical patients, we compared qEEG data in post-cardiac patients with delirium and those without delirium. Figure 3 shows the qEEG characteristic trend between the delirious and non-delirious groups. The upper limit of aEEG, the relative power of the delta band, and SEF 95 showed a statistically significant difference (p = 0.0464, p = 0.0417, p = 0.0337, respectively). At the same time, there was no significant difference in SE, RAV, or the relative power of the theta, alpha, and beta bands (Table 4). The unpaired t-test, or Welch’s unequal variances t-test, indicated a substantial reduction in the EEG upper limit, SEF 95, and an increment in delta power in delirious subjects across all EEG recording channels and epochs.
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FIGURE 3
 Quantitative EEG analysis of delirious or non-delirious surgical patients. (A) Spectral entropy estimates for delirious (blue) and non-delirious (red) subjects. (B) Amplitude-integrated EEG upper and lower limit (delirium: blue; non-delirium: gray). (C) Relative alpha variability for delirious (blue) and non-delirious (red) subjects. (D,E) Relative power per frequency band of delta (purple), theta (blue), alpha (green), and beta (yellow) waves for patients. The relative delta wave increased (p = 0.0417), while the alpha and beta waves decreased in delirium patients. (F) Lower spectral edge frequency 95 in delirium patients (blue) compared to the control (red) (p = 0.0337). Data are presented as mean ± SEM for the average value of all eight recording channels and epochs.




TABLE 4 qEEG characteristics of cardiac surgical patients with/without delirium.
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Discussion

The longer a patient suffers from POD, the greater the likelihood of irreversible cognitive impairment and poor quality of life. However, despite the use of continuous delirium screening tools such as CAM-ICU, over 50% of patients with delirium were missed (17). QEEG could potentially provide a non-invasive bedside means to predict POD in the ICU. In this study, POD incidence of cardiac surgical patients was nine times greater than that in the control group (41.7% vs. 4.5%).

Patients with delirium experienced a longer duration of mechanical ventilation use (p < 0.0001) and an extended ICU length of stay (p < 0.0001). We identified several significant parameters from qEEG as potential biomarkers for the early detection of POD in patients, whether they underwent cardiac or non-cardiac surgery. These findings could assist ICU physicians in implementing an ABCDEF (A2F) bundle (18) to preemptively address POF, even before a clinical diagnosis of POD is made, thereby reducing complications.

To our knowledge, our study is the first to investigate delirious qEEG characteristics under sedation to assist in the advanced detection, diagnosis, and clinical management of delirium. To avoid the interference of sedative medication administration, RASS scores and EEG spectral entropy were used to assess the depth of anesthesia. They were not significantly different in patients who had or did not have POD after cardiac or non-cardiac surgery. Post-cardiac surgical patients received a higher dose of midazolam than post-non-cardiac surgical patients. However, no difference was found in midazolam use between the delirious and non-delirious groups. In the past years, the use of midazolam has stirred controversies about whether it is an independent risk factor for delirium in critically ill patients (6, 18, 19). It probably acted as a precipitating clinical factor, not a predisposing factor. In this study, spectral entropy could objectively reflect the brain’s electric behavior in response to the depth of anesthesia through the complexity of EEG signals (20). Similar spectral entropy made qEEG parameters comparable between and within groups after ICU admission. Most general anesthetics that act primarily by enhancing GABAA receptors could induce burst suppression (21), and the link between burst suppression and POD remains controversial, and studies have contradictory results (22). EEG burst suppression and duration may predict postoperative delirium to some extent and are associated with increased mortality. In our study, qEEG data were carefully interpreted with raw EEG data and double-checked by neurophysiologists. We did not find burst suppression in the raw EEG data.

The first result of this study showed that cardiac surgery carried a higher risk of delirium when compared to other types of surgery. Impaired neuronal network connectivity that becomes less integrated may be the final driver of delirium syndrome. There are currently few known correlations between qEEG and POD. qEEG monitoring revealed several key risk characteristics between groups, such as RAV, relative spectral frequency, and SEF95. Hussein et al. (23) found that RAV can reflect cerebral blood flow (CBF), and its changes precede Alpha-Delta-Ratio (ADR) change. In our study, a decline in the RAV was associated with an increment in alpha and beta power and a reduction in delta power. Delta or theta waves are generated by the thalamus and cells in layers II-VI of the cortex, while alpha waves originate from cells in layers IV and V of the cortex (13). The decline in the Alpha-Delta ratio (ADR) indicates decreased connectivity strength and decreased network integration. To date, it is still not clear whether POD is a direct cause of poor clinical outcomes or a mediating factor affected by other unidentified factors causing delirium and poor outcomes. QEEG parameters may offer an objective tool for the early detection of POD and pave the way for a deeper understanding of its development in future studies.

The other significant finding of our study revealed that delirious patients after cardiac surgery were detectable in qEEG delirium monitoring. Specifically, according to the qEEG data, the aEEG upper limit, generalized delta wave, and SEF 95 were associated with the presence of delirium and its poor clinical outcomes, including prolonged use of mechanical ventilation and an extended ICU stay in cardiac surgical patients after ICU admission. Amplitude-integrated EEG (aEEG) could continuously monitor and integrate brain activity. No seizures or burst suppression were traced in this study by aEEG. The lower and upper limits were more than 5 μV and 10 μV, respectively, within the normal range in cardiac surgical patients. However, delirious patients were less than non-delirious patients in the upper(p = 0.0464) and lower limits (p = 0.0574). It probably indicated abnormally low brain activity, promoting the development of POD. In previous qEEG studies, relative spectral power was most frequently studied between delirium and non-delirium. Our study is the first to derive multiple qEEG characteristics systematically (SE, aEEG, RAV, relative spectral power, SEF 95) in patients under sedation with/without delirium after cardiac surgery requiring cardiopulmonary bypass.

Another interesting finding of this study was that no sleep–wake cycle occurred in the sedated patients for the whole duration of EEG monitoring, but characteristics with a high proportion (>60%) of slow delta waves were continuously presented. Nevertheless, deep sleep is also characterized by slow-wave activity. Fultz et al. (24) showed that, during sleep, EEG slow-delta waves are coupled with and precede oscillations in cerebral blood flow and CSF within the gray matter. Under physiological conditions, the glymphatic system is mainly regulated by the sleep–wake cycle, and slow-wave sleep (SWS) significantly improves brain waste removal efficiency (25). Future studies should differentiate between sleep–wake rhythmic and persistent SWS when exploring the development of POD. Such insights could inform strategies for the treatment and prevention of postoperative delirium, with guidance from quantitative EEG.

Some limitations of our study should be acknowledged. The limited sample size of delirious patients might introduce bias in the qEEG characteristics of cardiac surgical patients with/without delirium.

The altered arousal states present in three different subtypes of delirium are as follows: hyperactive, hypoactive, and mixed.

Specific qEEG features of each POD phenotype still need to be studied in the future. Notably, hypoactive delirium is the most common ([95% CI, 8–17%]), with an incidence of 11%, in patients admitted to the ICU (26). However, almost all delirious patients (10 of 11) in our study had hyperactive delirium.

Factors such as sample size, the frequency of delirium assessment, and heterogeneity among studies may account for the difference. Moreover, approximately 12% of postoperative patients developed sedation-related delirium after abrupt cessation of sedatives during the spontaneous awakening trial (SAT) within 2 h. In our study, we attempted to differentiate POD from SAT. The patients received sedative medication administration again, reduced it slowly, and then carefully assessed whether it was POD. Owing to an insufficient sample size of delirious patients, the ROC curve was not satisfactory, yielding a sensitivity of 78% and a specificity of 50%. Although a wearable headset allowed ICU physicians to utilize cEEG in practice, the challenging ICU environments still resulted in some residual, unavoidable interference. Furthermore, each patient was monitored only once for baseline qEEG after ICU admission, without subsequent dynamic monitoring in the next few days.



Conclusion

The primary obstacle to accurate POD diagnosis is the lack of objective biomarkers. While current tools such as CAM-ICU or CDSC are widely used, there is a need for ICUs to adopt an objective, standardized bedside approach for diagnosing POD. Our study underscores the potential of qEEG as a tool for the early detection of POD. The etiology of POD is multifactorial and still needs to be fully elucidated and understood. Therefore, identifying predispositions for POD and understanding EEG characteristics could improve our understanding of POD development.

QEEG monitoring could serve as a non-invasive bedside method to assist in the early detection and clinical management of delirium. In this study, we identified robust qEEG parameters that hold potential in distinguishing and predicting postoperative delirium in cardiac surgical patients after cardiopulmonary bypass.
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Respiratory Minute Volume (I x min™") C 45 (42;5.5) 45 (3.9;52) 5.9 (5.7, 29.4) 6.0 (53; 6.8)

H 48 (4.5; 5.1) 48 (4.5;5.3) 6.7 (6.4, 7.3) 7.0 (6.8; 8.8)
Arterial PO, (mmHg) (© 71 (65; 87) 88 (84; 104) 85 (80; 99) 90 (79; 107)

H 76 (65; 92) 95 (77; 104) 233 (216; 243)* 89 (87; 95)
Pa0,/F,0; ratio (mmHg) (o] 338 (311; 413) 417 (402; 495) 397 (371; 415) 391 (317; 428)

H 361 (311; 437) 453 (365; 495) 491 (479; 540)** 387 (358; 409)
Arterial PCO, (mmHg) @ 38.1 (37.1; 42.5) 38.7 (33.8; 45.7) 40.7 (37.9; 412) 38.8 (38.4; 44.1)

H 36.0 (35.0; 41.2) 41.6 (36.7; 43.5) 39.0 (34.1; 41.5) 384 (35.7; 43.8)
Oxygen Consumption (ml x min™") © 185 (176; 218) 166 (153; 185) 215 (190; 265) 235 (207; 285)

H 179 (160; 194) 144 (130; 189) 194 (135; 237) 233 (209; 246)
Carbon Dioxide Generation (ml x min") © 136 (120; 163) 136 (120; 155) 175 (130; 203) 202 (187; 243)

H 138 (121; 146) 119 (105; 154) 190 (167; 208) 211 (183; 236)
Troponin (ng x ml™") © 0.03 (0.02; 0.19) 0.07 (0.02; 0.16) 1.30 (0.81; 4.04) 0.60 (0.16; 0.78)

H 0.02 (0.02; 0.02) 0.02 (0.02; 0.02) 0.41 (0.04; 1.71) 0.06 (0.01; 1.90)
NGAL (ng x ml™) © 303 (259; 356) 379 (334; 633) 726 (507; 1 865) 748 (577; 2 079)

H 311 (270; 383) 438 (392; 570) 523 (507; 1 163) 825 (783; 2 167)
Superoxide Anion (um x 1™') © 5.7 (5.6 6.1) 5.6 (4.7;59) 6.5 (5.4 6.8) 52 (45;6.0)

H 63 (5.2; 6.4) 52 (4.9;5.4) 6.4 (5.2;7.0) 62 (5.3;6.6)

1 =7/7 before shock, 7/7 after shock, 5/6 at 24 hrs, and 3/5 at 48 hrs per group for normoxemia (blue, control group, C) and targeted hyperoxemia (red, H), respectively. For the central venous pressure®,

see method section for further details. Values are reported as median and interquartile range. p-values are reported when below 0.1, denotes p = 0.07, ** = p < 0.01, Mann-Whitney U test.
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Variables Wald x* P value
Gender 4.757 0.029
Age group 24.618 <0.001
BMI group 21.043 <0.001
Smoking history 0.060 0.807
Drinking history 0.136 0.712
Coronary heart disease 14.111 <0.001
Hypertension 1.089 0.297
Diabetes mellitus 0.016 0.898
Renal insufficiency 16.093 <0.001
Hepatic insufficiency 3.129 0.077
Stroke 0.116 0.733
Atrial thrombosis 7.690 0.006
Arrhythmia 2231 0.135
ASA grade 12.861 <0.001
NYHA class 28.743 <0.001
Etiological diagnosis of valves 0.055 0.814
I Morphological diagnosis of valves 0.180 0.672
Surgical approaches 16.216 <0.001
Maze Procedure 0.196 0.658
Automatic heartbeat recovery 1.650 0.199
Operative time, min 44.227 <0.001
CPB time, min 41.027 <0.001
ACC time, min 24.291 <0.001
NIR group 30.542 <0.001

BMI, body mass index; NYHA, New York Heart Association; CRP, C-reactive protein; ASA, American Society of Anesthesiologists; CPB, cardiopulmonary bypass; ACC, aortic cross-clamp;

NLR, neutrophil-to-lymphocyte ratio.
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Variables Wald x* P value RR 95% Cl

Age group 19722 <0.001

Age <45 years (Ref45-60) 2989 0.084 0.398 0.140-1.131

Age 260 years (Ref.45-60) 11.674 0.001 2.843 1.561-5.176

BMI group 15.460 <0.001

BMI <18.5 kg/mZ (Ref. 18.5-24) 13.726 <0.001 4.590 2.050-10.279
BMI =24 l(g/mZ (Ref. 18.5-24) 0.045 0.832 0.932 0.486-1.788

NYHA class 11.212 0.004

III (Ref. 11) 1.056 0.304 1.755 0.600-5.128
IV (Ref. 1) 6.758 0.009 4.544 1.451-14.226
CPB time, min 31.835 <0.001 1.014 1.009-1.019
NLR group (Ref. <3.5) 14.627 <0.001 3.236 1.773-5.906

BMI, body mass index; NYHA, New York Heart Association; CPB, cardiopulmonary bypass; NLR, neutrophil-to-lymphocyte ratio; RR, relative risk; CI, confidence interval.
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Variables Wald x*

Gender 0.001 0.980
Age group 6.474 0.011
BMI group 4.571 0.033
Smoking history 0.894 0.344
Drinking history 0.070 0.792
Coronary heart disease 1.939 0.164
Hypertension 0.591 0.442
Diabetes mellitus 0.180 0.672
Renal insufficiency 32727 <0.001
Hepatic insufficiency 1.823 0.177
Stroke 0.374 0.541
Atrial thrombosis 6.371 0.012
Arrhythmia 0.110 0.741
ASA grade 3526 0.060
NYHA class 73.972 <0.001
Etiological diagnosis of valves 10.010 0.002
Morphological diagnosis of valves 2696 0.101
Surgical approaches 28.429 <0.001
Maze Procedure 20.749 <0.001
Automatic heartbeat recovery 0811 0.368
Operative time, min 24.075 <0.001
CPB time, min 27.352 <0.001
ACC time, min 26.030 <0.001
CRP group 30.348 <0.001

BMI, body mass index; ASA, American Society of Anesthesiologists; NYHA, New York Heart Association; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; ACC, aortic cross-
clamp; CRP, C-reactive protein
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Variables Wald x* P value RR 95% Cl

Age group 10.593 0005
Age <45 years (Ref. 45-60) 3.517 0.061 0.764 0.577-1.012
Age 260 years (Ref. 45-60) 4.339 0.036 1.306 1.018-1.675
BMI group 30.278 <0.001
BMI <185 kg/rnZ (Ref. 18.5-24) 16840 <0.001 2.209 1.513-3.226
BMI 224 kg/m2 (Ref. 18.5-24) 7.557 0.006 0.732 0.586-0.914
Renal insufficiency (Ref. No) 13.357 <0.001 2.094 1.409-3.113
NYHA class 56.553 <0.001

| 11T (Ref. 11) 1.685 0.194 | 1.205 0.909-1.598
IV (Ref. 1) 41.427 <0.001 3.132 2.212-4.435
Maze Procedure (Ref. Yes) 25.004 <0.001 2.055 1.550-2.726
Surgical approaches 9.803 0.007
Combined valve surgery (Ref. Isolated valve surgery) 7.558 0.006 1.449 1.112-1.888
Valve + CABG/heart septal defects (Ref. Isolated valve surgery) 6.688 0.010 1.885 1.166-3.048
ACC time, min 14.939 ‘ <0.001 1.007 1.003-1.010
CRP group (Ref. <5 mg/L) 10.296 0.001 1.447 1.155-1.814

BMI, body mass index; RR, relative risk; CI, confidence interval; Ref., reference; NYHA, New York Heart Association; CABG, coronary artery bypass graft; ACC, aortic cross-clamp; CRP, C-
reactive protein.
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qEEG Cardiac Cardiac
Descriptive surgical Surgical
patients with Patients

delirium without
(n =10) Delirium
(n =14)

Spectral Entropy (SE) 38142133 39944191 04907

Amplitude-integrated EEG (aEEG)

Upper Limit, uV 12161321 166+ 1531 0.0464%
Lower Limit, uV 823084 1084092 0.0574
Relative Alpha 2244357 2677331 03803

Variability (RAV), %

Relative power per frequency band

Delta Wave, % 8029+ 1.62 710243342 0.0417%
‘Theta Wave, % 9.85£0.56 1087 112 0.4663
Alpha Wave, % 642£126 1188+ 215 0.0657
Beta Wave, % 3447 %051 6245126 0.0945
Spectral Edge 758081 1081 1.03 00337%

Frequency 95 (SEF 95)

Data are presented as mean + SEM. An unpaired t-test or Welchis unequal variances t-test
was used to test quantitative EEG parameters differences. *Significant
sded ttest with a p-value of <0.05. The upper limit of aEEG, the relative power of the delta
band, and SEF 95 showed a statistically significant difference between cardiac surgical
patients with/without delirium and non-delirium (p <0.05).

ference at two-
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qEEG Descriptive Cardiac Non-
surgical  cardiac

patients  surgery
(n=24) patients
(n =22)

Spectral Entropy (SE) 39294132 4289%157 00885

Amplitude-integrated EEG (aEEG)

Upper Limit, uV 15014109 16385154 04580
Lower Limit, uV 992066  1LII£101 03079
Relative Alpha Variability 2492£2431 33382772 0.0295%
(RAV), %

Relative power per frequency band

Delta Wave, % 74954232 58495415 000064
Theta Wave, % 9854076 1L64%078 01291
Alpha Wave, % 10234149 17275190 0.0056™
Beta Wave, % 497077 | 1261£235  0.0062**
Spectral Edge Frequency 95 9464075 | M31£101 | 0.0003++%
(SEF93)

Data are presented as mean  SEM. An unpaired t-test or Welchis unequal variances t-test
was used to test the difference in quantitative EEG parameters. RAV, the relative power of
delta, alpha, beta band, and SEF 95 showed a statstcally significant difference between
cardiac and non-cardiac surgical patients (*p<0.05, *#p<0.01, **p<0.001,

#5240 <0,0001).
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Descriptive Cardiac surgery (n = 24) Non-cardiac
Surgery (n =22)

Delirium (n =10) Non-delirium
(n=14)
Age, mean (SD), year 64(8) 58 (15) 65(11) 02299
Gender, male sex 8(80) 12 (86) 18(81) 09273
SOFA Score 12(11,13) 8(7,10) 6(5,8) <0.0001#+%%
APACHEIL 16 (14,19) 13(13,15) 12(11,15) 00782

Medication administration

Propofol 10 (1ACT00) 14(100) 22(100) 10000
Midazolam 8(80) 12(86) 1(45) <0.0001#+%%
Fentanyl 10 (100) 14 (100) 22(100) 10000

Depth of anesthesia

RASS —3(-38,-3) -3(-3,-3) -25(-3,-25) 03114

SE, mean (SD) 38.1(4.1) 39.9(6.0) 42.9(7.5) 0.1504
Delirium 10 (41.7) 1(4.5) 0.0046**
Mechanical Ventilation, hour 118(78,323) 20(18,23) 5(6,15) <0.0001%#*
ICU length of stay; day 7(6,20) 2(2.4) 1,0 <0.0001%%
Hospital mortality 1(10.0) 0(0.0) 0(0.0) 0.1588

Data are presented as a number (%) or median (IQR) hour unless otherwise indicated. SOFA, Sequential Organ-Failure Assessment; APACHE 11, Acute Physiology and Chronic Health
Evaluation Il; RASS, Richmond Agitation-Sedation Scales SE, Spectral Entropy; IQR interquartile range; ICU intensive care unit; *Significant difference at two-sided t-test with a p-value of
<0.05 (*p<0.05, **p<0.01, **%p <0.001, ***%p <0.0001).
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CPSP No CPSP

Characteristics

(n=131) (n=837)
Age (year) 51+12 47 +13 0.008
Sex (male/female) 32/99 (24.4/75.6%) 248/589 (29.6/70.4%) 0.222
Height (cm) 159.34 + 7.31 160.57 + 8.06 0.808
Weight (kg) 59.73 £ 10.38 61.46 + 10.89 0.543
BMI (kg/mz) 23.50 + 3.56 23.88 + 527 0.871
Surgical approach (endoscope/open) 111/20 (84.7/15.3%) 760/77 (90.8/9.2%) 0.032
ASA (I/111) 53/78 (40.5/59.5%) 496/341 (59.3/40.7%) <0.001
Maximum incisional NRS score at 24h post operation 3.88 + 1.55 3.36 + 1.36 0.261
Additional analgesia (Yes/No) 47/84 (35.9/64.1%) 251/586 (30.0/70.0%) 0.174
PCIA (Yes/No) 97/34 (74/26%) 533/304 (63.7/36.3%) 0.021
TAP (unilateral/bilateral) 44/87 (33.6/66.4%) 328/509 (39.2/60.8%) 0.220
Type of surgery (gastrointestinal/hepatobiliary/gynecological) 32/53/46 (24.4/40.5/35.1%) 191/342/304 (22.8/40.9/36.3%) 0915
Surgery duration (min) 150 [80, 235] 105 [65, 175] <0.001
Preoperative WBC 5.49 [4.51, 6.85 5.89 [4.85, 6.98 0.126
Preoperative ANC 3.30 [2.60, 4.54] 3.64 [2.90, 4.74 0.061
Preoperative ALC 1.47 [1.12, 1.84 1.54 [1.18, 1.88 0.808
Preoperative NLR 2.19 [1.60, 3.48 2.39 [1.75, 348 0.253
Postoperative WBC 10.30 (7.66, 13.37] 9.94 [7.52, 12.35] 0.110
Postoperative ANC 8.87 [5.93, 11.43] 8.04 [5.78, 10.33] 0.044
Postoperative ALC 1.06 [0.80, 1.16 1.20 [0.90, 1.62 0.010
Postoperative NLR 7.70 [5.02, 12.11] 6.61 [4.05, 10.06] 0.004

CPSP indicates chronic postsurgical pain; BMI indicates body max index; ASA indicates American Society of Anesthesiologists physical status; PCIA indicates Patient Controlled Intravenous
Analgesia; TAP indicates transversus abdominis plane block; WBC indicates white blood cell count; ANC indicates absolute neutrophil count; ALC indicates absolute lymphocyte count; NLR
indicates neutrophil-lymphocyte ratio.

Continuous data were summarized as the mean + SD or median (25th-75th percentile), qualitative data were summarized as the number of subjects and percentage. All percentages in
parentheses refer to the column group.

Bold values are statistically significant (P < 0.05).
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Variables Wald x? OR (95% Cl) P value

Surgery duration 15.74 1.004 (1.002, 1.006) <0.001
Preoperative ANC 4.08 1.053 (1.002, 1.107) 0.044
Changed ratio of NLR 6.53 1.068 (1.016, 1.124) 0.011

ANC indicates absolute neutrophil count; ALC indicates absolute lymphocyte count; NLR indicates neutrophil-lymphocyte ratio.
Bold values are statistically significant (P < 0.05).
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changed ratio of NLR = 5

Characteristics

changed ratio of NLR < 5
(n=772)

(n=196)
CPSP (with/without) 43/153 (21.9/78.1%)
Overall impact (yes/no) 18/178 (9.2/90.8%)
Maximum NRS score after hospital discharge 110,3]
Moderate to severe pain (with/without) 25/171 (12.8/87.2%)

88/684 (11.4/88.6%)
40/732 (5.2/94.8%)
010,2]

54/718 (7.0/93.0%)

< 0.001

0.030

< 0.001

0.009

CPSP indicates chronic postsurgical pain; NRS indicates numeric rating scale; Overall impact indicates interferes with any one of the three: sleep, life, and work; NLR indicates neutrophil-

lymphocyte ratio.

Continuous data were summarized as the mean + SD or median (25th-75th percentile), qualitative data were summarized as the number of subjects and percentage. All percentages in

parentheses refer to column group.
Bold values are statistically significant (P < 0.05).





OPS/images/fimmu.2023.1177285/fimmu-14-1177285-g002.jpg
P~ d

-9
Ne o
N
=
=
I p
@
-9
@ - * v o e rQ
5
=
Py T Py T T N
2 2 2 2 2 2
m 3 © < ~ %
7UN0d [[3 POO[q ANIYA Jo onel pasuey)
| | m
[ |8
=)
—
—
=)
I ;
0
&~
. l._ g
L
5
=
s s s s s ©
= = S S = S
b = g S a
g ] q s
A193.1ns 197€ JUN0D [[39 POO[q IITYA\
%
& P e £
el
N
—
o
I :
I
&
* o - ° C
H
z
s s s s s >
< < = < - <
g = g = b
g ] S s

A128.1ns 2.10J2q JUNO [[39 POO[q YA

3)

(2)

(D

- | | &
_ s}
[*))
=
=
T
s
R It
5
z
> S S S S >
b=} = ] S = <
S % ° - N
junos rydo.ynau jo one. paduey)
&
7! i
<t ©
—
=
=]
I W
&
- d
H
Z,
) ) = ) = o
] = =] 2 = =
o s I S I
& & - =
A193.1ms 197)€ Junod jiydoanay
o ey !_ _ m
—
O
<
(=]
I ;
&
* o o
&
z
o ) o ) o o
2 S S 2 2 2
o S I s I
& B = =

AJ1a8.ans a10jaq yunod rydoaynay

3)

(D)

CPSP

*x co |
N
=]
=
(=]
[ o
7]
9
WE KK R ©
&
s
z
py 5 P > o >
S S 2 -] o 2
b S Y S i
Bl Q - =
AIN Jo onea pasuey)
_ | |8
I I |8
<
e
<
(=]
I ;
&
Lo o
&
5
z,
= S s = S H
g ] 2 = 2 <
w S “ S o
& Q . =
A133.1ms 1oy Y IN
A
Wk eeme m
on
e)
N
S
| )
&
TN PO A —— <
H
z
) ) S 2 S H
5 s H 2 S S
@ S @ S i
& Q = =
AJ1a3.ans 2.10J2q A IN

(3)

(2)

(1)





OPS/images/fimmu.2023.1177285/fimmu-14-1177285-g003.jpg
1.0
Preoperative ANC

0.8

2 0.6
=
2 04

0.2

o AUC=0.448
4 P=0.061
0.0
0.0 0.2 0.4 0.6 0.8 1.0

1-specificity

1.0

Changed ratio of NLR

0.8

Sensitivity

AUC=0.585
P=0.002

0.0 0.2 0.4 0.6 0.8 1.0
1-specificity





OPS/images/fimmu.2023.1177285/fimmu-14-1177285-g004.jpg
RR=2.69, P=0.006
——

100% 100%
90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%

0% 0%

Changed ratio of NLR<5 Changed ratio of NLR>S

®Non-CPSP = CPSP

(1) Patients receiving P

ed ratio of NLR<5 Ch

= Non-CPSP mCPSP

(2) Patients not receiving PCIA

L

RR=1.93, P=0.042 .49, P<0.001
100% —— 100% ,
90% 90% 5
80% 80% ‘
70% 0% 5
60% 60% 5
50% 50% |
40% 40% 5
30% 30% :
20% 20% !
10% 10% |
0% 0%
Changed ratio of NLR<5 Changed ratio of NLR25S Changed ratio of NLR<5 Changed ratio of NLR=5 4
= Non-CPSP mCPSP = Non-CPSP mCPSP
(1) Patients receiving BTAP (2) Patients not receiving BTAP :

®Non-CPSP mCPSP

(1) Gastrointestinal surgery

®Non-CPSP m CPSP

(2) Hepatobiliary surgery

RR: 033 RR=1.95, P=0.025 002 3

100% 100% 100% |
909 90% 90% i
80 80% 80% 3
70% 70% 70% i
60% 60% 60% i
50% 50% 50% |
40% 40% 40% 1
30% 30% 30% i
20% 20% i

10% 10% 3

0% 0% i

Changed ratio of NLR<S Changed ratio of NLR=S Changed ratio of NLR<S Changed ratio of NLR>S Changed ratio of NLR <5 Changed rati of NLR2S |

(3) Gynecological surgery

= Non-CPSP mCPSP






OPS/images/fimmu.2023.1177285/table1.jpg
68

Age Year, mean (SD) 48+ 13
Sex Male, n (%) 280 (28.9%)
Female, n (%) 688 (71.1%)
Height cm, mean (SD) 160.39 + 7.97
Weight kg, mean (SD) 61.23 + 10.84
BMI kg/m?, mean (SD) 23.84 + 5.08
Surgical approach Endoscope, n (%) 871 (90.0%)
Open, n (%) 97 (10.0%)
ASA 11, n (%) 549 (56.7%)
11, n (%) 419 (43.3%)
Maximum incisional NRS score at 24h mean (SD) 343 +1.39
Additional Analgesia Yes, n (%) 298 (30.8%)
No, n (%) 670 (69.2%)
PCIA Yes, n (%) 630 (65.1%)
No, n (%) 338 (34.9%)
TAP Unilateral, n (%) 372 (38.4%)
Bilateral, n (%) 596 (61.6%)
Type of Surgery Gastrointestinal, n (%) 223 (23.0%)
Hepatobiliary, n (%) 395 (40.8%)
Gynecological, n (%) 350 (36.2%)

Surgery duration

Min, mean (SD)

134.57 + 90.61

CPSP indicates chronic postsurgical pain; BMI indicates body max index; ASA indicates American Society of Anesthesiologists physical status; NRS indicates numeric rating scale; PCIA indicates

Patient Controlled Intravenous Analgesi

[AP indicates transversus abdominis plane block.
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Parameter Group pre
Arterial Glucose (mmol x I™") (¢} 4.6 (3.8; 4.9)
H 4.1 (39; 4.3)
Lactate (mmol x 17') (© 2.0 (1.6 2.2)
H 1.8 (1.7; 2.4)
pH @ 7.50 (7.44; 7.54)
H 7.50 (7.45; 7.52)
Base Excess (mmol x 1) (© 47 (4.3;6.9)
H 5.1 (4.0; 6.3)
Sodium (mmol x 1) © 143 (142; 144)
H 144 (143; 145)
Potassium (mmol x 1) @ 3.2 (3.1;3.4)
H 3.1 (3.0;3.2)
Hemoglobin (g x dI™") © 84 (8.2;87)
H 84 (7.9;8.7)
Erythrocytes (x 10'° x I"") (€ 44 (4.2; 4.5)
H 46 (42;4.9)
Thrombocytes (x 10° x ™) © 144 (137; 172)
H 170 (127; 183)
Leukocytes (x 102 x 1) C 44 (3.7; 6.0)
H 43 (3.6;7.1)

post

42 (3.8;48)
3.9 (3.6; 44)
26 (2.1;3.9)

3.1 (29 39)
751 (7.41; 7.54)
7.47 (7.45;7.51)
65 (4.1;7.6)
5.8 (4.6;6.0)
142 (141; 145)
143 (142; 144)
36 (3.4: 3.7)
3.5 (3.4;36)
7.9 (7.8; 8.8)
7.4 (7.0; 8.4)
4.1 (4.0;44)
4.1 (3.8;44)
151 (143; 193)
181 (165; 205)
45 (3.1;5.9)

43 (3.4, 7.4)

24 hrs

44 (3.6; 4.6)
42 (3853)
1.0 (0.8; 1.5)
1.0 (05; 1.2)
745 (7.41; 7.51)
7.51 (7.50;7.52)
43 (1.7; 6.4)
6.1 (4.1; 10.0)
146 (140; 150)
148 (146; 151)
37 (32;5.5)
34 (2839)
110 (9.5; 112)
9.9 (8.8;10.1)
56 (49;6.1)
52 (46;5.4)

46 (29; 92)

104 (65; 133)
149 (9.1 20.6)

16.4 (10.4; 19.5)

48 hi

37(3.2;42)

44 (3.9; 5.0)

1.0 (0.5; 1.0)
0.7 (065 0.8)
750 (7.34; 7.55)
7.50 (7.41; 7.55)
63 (-1.7; 10.1)
66 (1.7;9.5)
140 (138; 147)
144 (143; 148)
33 (27;4.1)
31 (2.9 38)
9.4 (6.8; 11.5)
8.6 (7.8, 9.8)

5.1 (3.6:6.1)
45 (42;5.0)

58 (28; 114)

58 (39; 93)

11.3 (8.8; 25.2)

13.7 (8.4; 18.4)

1 = 7/7 before shock, 7/7 after shock, 5/6 at 24 hrs, and 3/5 at 48 hrs per group for normoxemia (blue, control group, C) and targeted hyperoxemia (red, H), respectively. Values are reported as

median and interquartile range. p-values are reported when below 0.1, Mann-Whitney U test.
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Patients included in the analysis
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Patients receiving PCIA Patients receiving BTAP Type of surgery
e Qastrointestinal surgery (n=223)
e Yes (n=630) e Yes (n=596) o =
e NO (n=338) e NO (n=372) e Hepatobiliary surgery (n=395)

e Gynecological surgery (n=350)
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Anesthetics = Anesthetic adminis- Cell type Inflammatory  Cellular/Molecular findings Signaling path-

tration model ways
Propofol 50 uM treated with LPS BV2 cells and LPS treatment Imicroglial activation/|NF-kB, | IL-1B, JIL-6, NF-kB pathway (108)
Primary ITNF-a.
microglia
10,20, 50, 100 uM treated BV2cellsand | LPS treatment Imicroglial activation/|NF-kB pathway NF-KB pathway (109)
for 2 days after LPS Primary components (Ticam1, Myd88, Irf3, Nfkb1), 1 miR-106b/PI3k/Akt
treatment microglia miR-106b, | p-Akt. pathway
6.25, 12.5, 25, 50, and 100 BV2 cells OGD/R | microglial activation/| TLR4, | MyD88, |NF- TLR4/NF-xB (110)
UM treated for 30min before KB p65 pathway
OGD/R
30 UM treated for 24h BV2 cells LPS treatment Imicroglial activation/| TLR4, 1p-GSK-3f TLR4 and GSK-3p (111)
before LPS treatment related pathway
ketamine 100, 250uM treated for 24h Primary LPS treatment Imicroglial activation/ |p-ERK1/2, |NO, |IL- MAPK ERK1/2 (112)
before LPS treatment microglia 1B pathway
100uM treated for 15min Primary LPS treatment |TNF-a none (113)
before LPS treatment microglia
none BV2 cells LPS treatment 1 M1 polarization. HMGB1/RAGE (15)
pathway
25, 50, 100, 150uM treated Human Ketamine 1 M1 polarization, fneural cell death none (114)
for 6h microglia cells | treatment
Sevoflurane 2.0% for 5h BV2 cells Sevoflurane 1 M1 polarization, |M2 polarization none (115)
treatment
2.5% for 1h before OGD Primary OGD M2 polarization/{ p-GSK-3p, 1Nrf2 GSK-3B/Nrf2 (54)
microglia pathway
Isoflurane 2% for 6h Primary Isoflurane Tnuclear NF-xB NF-xB pathway (116)
microglia treatment
3% for 24h BV2 cells Isoflurane Tmicroglial activation/TNLRP3, 11L-1p, 1IL-18 NLRP3 (117)
treatment inflammasome
pathway
2% for 6h after LPS Primary LPS treatment 1NLRP3, 11L-1B, 11L-18 NLRP3 97)
treatment microglia inflammasome
pathway
0.4% for 6h BV2 cells Isoflurane tmicroglial activation/1IL-1B, 1 TNF-at, 11L-6, TLR4 related (98)
treatment 1TLR-4 pathway
Lidocaine 0.1 mM, 1 mM, or 10 mM Primary ATP treatment 1p-MAPK p38, | TNF-a, |IL-1B, |IL-6 MAPK P38 (118)
treated for 2h with ATP microglia pathway
02,2, and 20 pg/mL treated | Primary LPS treatment 1p-MAPK p38, | PGE2, | TNF-0, | IL-1§ MAPK P38 (119)
for 1h before LPS treatment microglia pathway
10ug/ml treated for 24h with = HAPI LPS or IL-4 1 Ml polarization, 1 M2 polarization none (16)
LPS microglia cell | treatment

line

1, promoting effect; |, inhibiting effect; <, no effect; OGD/R, oxygen-glucose deprivation/reoxygenation; ATP, adenosine triphosphate; HAPI, highly aggressively proliferating immortalized; Ticam1,
toll-like receptor adaptor molecule 1; Myd88, myeloid differentiation primary response 88; Irf3, interferon regulatory factor 3; Nfkbl, nuclear factor kappa B subunit 1; NO, nitric oxide; PGE2,
prostaglandin E2.
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Variable Total (N=3249)
Gender (Female), n (%) 61.65%
Age, years 51.84 +9.44

Age group, n (%)

<45 years 684 (21.05%)
45 to 60 years 1898 (58.42%)
260 years 667 (20.53%)
Height, cm 158.87 + 8.23
Weight, kg 5891 +9.72
BMI, kg/m* 2330 +3.17

BMI group, n (%)

<18.5 kg/m’ 167 (5.14%)
18.5to 24 kg/rn2 1831 (56.36%)
=24 kg/m® 1251 (38.50%)
Smoking history, n (%) 666 (20.50%)
Drinking history, n (%) 532 (16.37%)
Coronary heart disease, n (%) 316 (9.73%)
Hypertension, n (%) 334 (10.28%)
Diabetes mellitus, n (%) 129 (3.97%)
Renal insufficiency, n (%) 142 (4.37%)
Hepatic insufficiency, n (%) 395 (12.16%)
Stroke, n (%) 214 (6.59%)
Atrial thrombosis, n (%) 365 (11.23%)
Arrhythmia, n (%) 1682 (51.77%)

ASA grade, n (%)

I 30 (0.01%)
s 2427 (74.7%)
v 792 (24.38%)

NYHA class, n (%)

! 749 (23.05%)
s 2143 (65.96%)
v 357 (10.99%)

Etiological diagnosis of valves, n (%)

Rheumatic 2430 (74.79%)
Congenital 119 (3.66%)
Degenerative 591 (18.19%)
Infective Endocarditis 109 (3.35%)

Morphological diagnosis of valves, n (%)

insufficiency 733 (22.56%)
stenosis 211 (6.49%)
Insufficiency + stenosis 2305 (70.94%)

Surgical approaches, n (%)

Isolated valve surgery 936 (28.81%)
Combined valve surgery 2167 (66.70%)
Valve + CABG/heart septal defects 146 (4.49%)

Maze Procedure, n (%) 746 (22.96%)
Automatic heartbeat recovery, n (%) 2641 (81.29%)
Operative time, min 231.02 + 58.51
CPB time, min 118.30 + 40.40
ACC time, min 78.12 + 30.49

BMI, Body mass index; ASA, American Society of Anesthesiologists; NYHA, New York Heart
Association; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; ACC, aortic
cross-clamp.
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Variable evel R> 36 P-value
n n 111,792 245,55
Sex [n (%)] Men 54,502 (48.8) 14,650 (59.7) <0.001
‘Women 57,274 (51.2) 9,903 (40.3)
Age [median (IQR)] 51.00 (40.00, 63.00) 53.00 (42.00, 65.00) <0.001
BMI [median (IQR)] 23.00 (21.00, 26.00) 23.00 (20.00, 25.00) <0.001
Prognostic models ASA-PS [ (%)) I-IT 84,446 (75.6) 12,229 (49.9) <0.001
s 26,765 (24.0) 10,700 (43.6)
V-V 491 (0.4) 1,591 (6.5)
CCI [n (%)) <4 96,520 (86.3) 20,615 (84.0) <0.001
5-8 12,515 (11.2) 3,075 (12.5)
>9 2,757 (2.5) 865 (3.5)
RCRI 1 (%)) 0 59,908 (54.9) 11,050 (46.5) <0.001
1 43,896 (40.2) 10,757 (45.2)
2 4,842 (4.4) 1,717 (7.2)
>3 511(0.5) 262 (1.1)
Excare [median (IQR)] 1322 (13.22, 17.47) 19.88 (13.22, 22.58) <0.001
Comorbidities [n (%)] Ischemic heart disease No 108,712 (97.2) 23,579 (96.0) <0.001
Yes 3,080 (2.8) 976 (4.0)
Atrial fibrillation No 110,022 (98.4) 23,940 (97.5) <0.001
Yes 1,770 (1.6) 615 (2.5)
Chronic heart failure or No 111,696 (99.9) 24,468 (99.6) <0.001
cardiomyopathy
Yes 96 (0.1) 87 (0.4)
Valvular disease No 107,108 (95.8) 23,514 (95.8) 0739
Yes 4,684 (4.2) 1,041 (4.2)
Peripheral vascular disease or No 109,199 (97.7) 23,800 (96.9) <0.001
abdominal aorticaneurysm
Yes 2,593 (2.3) 755 (3.1)
Hypertension No 93,824 (83.9) 18,271 (74.4) <0.001
Yes 17,968 (16.1) 6,284 (25.6)
Cerebrovascular disease No 111,191 (99.5) 24,312 (99.0) <0.001
Yes 601 (0.5) 243 (1.0)
Hemiplegia paraplegia or No 111,538 (99.8) 24,123 (98.2) <0.001
paralytic syndrome
Yes 254 (0.2) 432(1.8)
Chronic obstructive pulmonary No 107,378 (96.1) 22,965 (93.5) <0.001
disease
Yes 4,414 (3.9) 1,590 (6.5)
Diabetes No 104,560 (93.5) 22,207 (90.4) <0.001
Yes 7,232 (6.5) 2,348 (9.6)
Cancer (including lymphoma No 78,385 (70.1) 17,922 (73.0) <0.001
and leukemi)
Yes 33,407 (29.9) 6,633 (27.0)
Childpugh grade A 90,442 (80.9) 13,629 (55.5) <0.001
B 21,349 (19.1) 10,925 (44.5)
o3 102,541 (93.9) 20,047 (84.3) <0.001
Preoperative anemia No 6,616 (6.1) 3,739 (15.7)
Yes 111,094 (99.4) 18,879 (76.9) <0.001
Preoperative increased No 698 (0.6) 5,676 (23.1)
creatinine
Yes 16,804 (96.0) 3,186 (77.7) <0.001
Preoperative leukocytosis (%) No 683 (3.9) 835 (20.4)
Yes 26 (0.1) 80 (2.0)
Emergency case [1 (%)) Emergency 108,817 (98.3) 17,785 (73.0) <0.001
Elective 1,913 (1.7) 6,566 (27.0)
Surgical category [n (%)] General 36,720 (32.8) 8,136 (33.1)
Orthopedic 16,825 (15.1) 4,890 (19.9)
Urological 15,452 (13.8) 2,689 (11.0)
Neurosurgery 8,398 (7.5) 3,227 (13.1)
Otorhinolaryngology, head and 10,057 (9.0) 1,060 (4.3)
neck
Thoracic 9,335 (8.4) 1,169 (4.8)
Cardiovascular 7,539 (6.7) 1,670 (6.8)
Burn and plastic 3,041 (2.7) 302 (1.2)
Other 4,425 (4.0) 1,412 (5.8)
General anesthesia [ (%)) No 6,177 (5.6) 1,593 (6.5) <0.001
Yes 105,101 (94.4) 22,771 (93.5)
Intraoperative hypotension [1 (%)] MAP < 55 mmHg at any time No 96,948 (86.7) 20,322 (82.8) <0.001
Yes 14,844 (13.3) 4,233 (17.2)
Intraoperative mean heart rate [median 67.62 (6237, 74.27) 72.48 (65.32, 82.55) <0.001
(IQR)]
Intraoperative transfusion [median No 109,120 (97.6) 21,677 (88.3) <0.001
(IQR)]
Yes 2,672 (2.4) 2,878 (11.7)
Duration of surgery [median (IQR)] 89.00 (49.00, 151.00) 114.00 (60.00, 195.00) <0.001
Preoperative laboratory tests Hb [median (IQR)] 136.00 (126.00, 148.00) 128.00 (110.00, 142.00) <0.001
BUN [median (IQR) 4.90 (4.00, 5.90) 5.10 (4.00, 6.70) <0.001
CRE [median (IQR) 67.00 (57.00, 80.00) 69.00 (57.00, 86.00) <0.001
eGER [median (IQR)] 98.99 (87.25, 109.78) 97.01 (79.90, 110.15) <0.001
TBil [median (IQR) 11.30 (8.70, 14.90) 12.00 (8.50, 17.20) <0.001
ALB [median (IQR) 44.40 (41.70, 47.00) 41.90 (37.40, 45.70) <0.001
ALT [median (IQR) 18.00 (13.00, 28.00) 19.00 (13.00, 31.00) <0.001
LDH [median (IQR)] 162.00 (143.00, 187.00) 179.00 (152.00, 219.00) <0.001
ALP [median (IQR) 74.00 (61.00, 91.00) 80.00 (64.00, 102.00) <0.001
G [median (IQR)] 4.97 (4.62, 5.44) 5.57 (4.89, 6.89) <0.001
NLR [median (IQR) 1.88 (1.44, 2.43) 5.40 (4.23,8.71) <0.001
Outcomes ICU admission (%) No 102,662 (91.8) 19,904 (81.1) <0.001
Yes 9,130 (8.2) 4,651 (18.9)
PMI (%) No 110,700 (99.0) 24,096 (98.1) <0.001
Yes 1,092 (1.0) 459 (1.9)
Length of hospital stay [median 7.00 (4.00, 9.00) 9.00 (5.00, 15.00) <0.001
(IQR)]
Death (%) No 111,337 (99.6) 23,532 (95.8) <0.001
Yes 455 (0.4) 1,023 (4.2)

NLR, neutrophil to lymphocyte ratio; BMI, body mass index; ASA-PS, American Society of Anesthesiologists Physical Status; CCI, Charlson Comorbidity Index; RCRI, Revised Cardiac Risk
Index; Ex-care, Ex-Care model; MAP, mean arterial pressure; Hb, Hemoglobin; BUN, Blood urea nitrogen; CRE, Creatinine; eGFR, Estimated glomerular filtration rates TBil, Total bilirubin;
ALB, Albumin; ALT, Alanine transaminase; LDH, Lactate dehydrogenase; ALP, Alkaline phosphatase; G, Blood glucose; PMI, perioperative myocardial injury.
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The optimal threshold Odds ratio?
of NLR (95% CI)
<36 1.42 (0.88,2.32) 0.100
>3.6 2.46 (2.05,2.94) <0.001

* Adjusted: age, ASA-PS score, emergency surgery, surgical subspecialty, preoperative anemia,
preoperative creatinine increase, intraoperative hypotension, intraoperative transfusion,

intraoperative mean heart rate.
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Consecutive patients received heart
valve surgery at our hospital
between October 2016 and
December 2020(n=5075)
Exclude(n=1826)
. TAVR. Surgery on
thoracic aorta (n=972)
Salvage (n=12)
Age<18 years (n=23)
Research data missing
(n=819)

Patients included in the analysis
(n=3249)

Prolonged Extended ICU Prolonged 30-day mortality | BNP >400pg/ml | ¢Tnl >5.4ng/ml Hepatic
mechanical stay hospital stay insufficiency
ventilation

® Yes(n=690) ® Yes(n=432) ® Yes(n=524) ® Yes(n=5)) ® Yes(n=470) ® Yes(n=688) ® Yes(n=772)
® NO(n=2559) ® NO(n=2817) ® NO(n=2725) ® NO(n=319%4) ® NO(n=2779) ® NO(n=2561) ® NO(n=2477)

® Yes(n=571)
® NO(n=2678)
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Variable level Overall Alive ea
n n 136,347 134,869 1,478
Sex [n (%)) Men 69,152 (50.7) 68,222 (50.6) 930 (62.9) <0.001
Women 67,177 (49.3) 66,629 (49.4) 548 (37.1)
Age [median (IQR)] 52.00 (40.00, 63.00) 52.00 (40.00, 63.00) 58.00 (47.00, 69.00) <0.001
BMI [median (IQR)] 23.00 (21.00, 25.00) 23.00 (21.00, 25.00) 23.00 (20.00, 25.00) <0.001
Prognostic models ASA-PS [n (%)) I-11 96,675 (71.0) 96,459 (71.6) 216 (14.6) <0.001
111 37,465 (27.5) 36,727 (27.3) 738 (50.0)
V-V 2,082 (1.5) 1,561 (1.2) 521 (35.3)
CCI [n (%)) =<4 117,135 (85.9) 115,891 (85.9) 1,244 (84.2) 0.057
5-8 3,622(2.7) 3,570 (2.6) 52(3.5)
=9 15,590 (11.4) 15,408 (11.4) 182 (12.3)
RCRI (1 (%)] 0 773 (0.6) 726 (0.6) 47 (3.2) <0.001
1 70,958 (53.4) 70,282 (53.4) 676 (46.7)
2 54,653 (41.1) 54,101 (41.1) 552(38.1)
>3 6,559 (4.9) 6,386 (4.9) 173 (11.9)
Excare [median (IQR)] 13.22(13.22,19.88) 1322 (13.22, 19.88) 24.13 (19.88, 30.79) <0.001
Comorbidities (1 (%)] Ischemic heart disease No 132,291 (97.0) 130,921 (97.1) 1,370 (92.7) <0.001
Yes 4,056 (3.0) 3,948 (2.9) 108 (7.3)
Atrial fibrillation No 133,962 (98.3) 132,623 (98.3) 1,339 (90.6) <0.001
Yes 2,385 (1.7) 2,246 (1.7) 139 (94)
Chronic heart failure or No 136,164 (99.9) 134,714 (99.9) 1,450 (98.1) <0.001
cardiomyopathy
Yes 183 (0.1) 155(0.1) 28(1.9)
Valvular disease No 130,622 (95.8) 129,254 (95.8) 1,368 (92.6) <0.001
Yes 5,725 (4.2) 5,615 (4.2) 110 (7.4)
Peripheral vascular disease or No 132,999 (97.5) 131,574 (97.6) 1,425 (96.4) 0.006
abdominal aorticaneurysm
Yes 3,348 (2.5) 3,295 (2.4) 53(3.6)
Hypertension No 112,095 (82.2) 111,091 (82.4) 1,004 (67.9) <0.001
Yes 24,252 (17.8) 23,778 (17.6) 474 (32.1)
Cerebrovascular disease No 135,503 (99.4) 134,051 (99.4) 1,452 (98.2) <0.001
Yes 844 (0.6) 818 (0.6) 26 (1.8)
Hemiplegia paraplegia or No 135,661 (99.5) 134,219 (99.5) 1,442 (97.6) <0.001
paralytic syndrome
Yes 686 (0.5) 650 (0.5) 36 (2.4)
Chronic obstructive No 130,343 (95.6) 129,035 (95.7) 1,308 (88.5) <0.001
pulmonary disease
Yes 6,004 (4.4) 5,834 (4.3) 170 (11.5)
Diabetes No 126,767 (93.0) 125,542 (93.1) 1,225 (82.9) <0.001
Yes 9,580 (7.0) 9,327 (6.9) 253 (17.1)
Cancer (including lymphoma No 96,307 (70.6) 95,161 (70.6) 1,146 (77.5) <0.001
and leukemi)
Yes 40,040 (29.4) 39,708 (29.4) 332(22.5)
Childpugh grade A 104,071 (76.3) 103,383 (76.7) 688 (46.5) <0.001
32,274 (23.7) 31,484 (23.3) 790 (53.5)
c 122,588 (92.2) 121,465 (92.4) 1,123 (77.6) <0.001
Preoperative anemia No 10,355 (7.8) 10,030 (7.6) 325(22.4)
Yes 129,973 (95.3) 129,028 (95.7) 945 (63.9) <0.001
Preoperative increased No 6,374 (4.7) 5841 (4.3) 533 (36.1)
creatinine
Yes 19,990 (92.5) 19,817 (93.2) 173 (49.3) <0.001
Preoperative leukocytosis (%) No 1,518 (7.0) 1,372 (6.5) 146 (41.6)
Yes 106 (0.5) 74(0.3) 32(9.1)
Emergency case [n (%)] Emergency 126,602 (93.7) 125,940 (94.3) 662 (45.2) <0.001
Elective 8,479 (6.3) 7,675 (5.7) 804 (54.8)
Surgical category [ (%)] General 44,856 (32.9) 11,101 (8.2) 16 (1.1) <0.001
Orthopedic 21,715 (15.9) 21,633 (16.0) 82(5.5)
Urological 18,141 (13.3) 3,317 (2.5) 26(1.8)
Neurosurgery 11,625 (8.5) 18,116 (13.4) 25(1.7)
Otorhinolaryngology, head 11,117 (8.2) 44,524 (33.0) 332(22.5)
and neck
Thoracic 10,504 (7.7) 5,708 (4.2) 129 (8.7)
Cardiovascular 9,209 (6.8) 10,964 (8.1) 661 (44.7)
Burn and plastic 3,343 (2.5) 9,062 (6.7) 147 (9.9)
Other 5,837 (4.3) 10,444 (7.7) 60 (4.1)
General anesthesia (1 (%)) No 7,770 (5.7) 7,715 (5.7) 55(3.8) 0.002
Yes 127,872 (94.3) 126,472 (94.3) 1,400 (96.2)
Intraoperative hypotension [ (%)] | MAP < 55 mmHgat any time No 117,270 (86.0) 116,311 (86.2) 959 (64.9) <0.001
Yes 19,077 (14.0) 18,558 (13.8) 519 (35.1)
Intraoperative mean heart rate 68.31 (62.77, 75.56) 68.25 (62.74, 75.40) 82.10 (69.69, 96.53) <0.001
[median (IQR)]
Intraoperative transfusion [median No 130,797 (95.9) 129,751 (96.2) 1,046 (70.8) <0.001
(1QR)]
Yes 5,550 (4.1) 5,118 (3.8) 432(29.2)
Duration of surgery [median 90.00 (50.00, 90.00 (50.00, 180.00 (92.00, <0.001
(1QR)] 160.00) 159.00) 274.00)
Preoperative laboratory tests Hb [median (IQR)] 135.00 (123.00, 135.00 (124.00, 123.00 (100.00, <0.001
147.00) 147.00) 141.00)
BUN [median (IQR)] 4.90 (4.00, 6.00) 4.90 (4.00, 6.00) 5.60 (4.30,8.11) <0.001
CRE [median (IQR) 68.00 (57.00,81.00) | 68.00 (57.00,80.00) | 72.00 (57.00, 94.00) <0.001
eGEFR [median (IQR)] 98.64 (86.18, 98.68 (86.35, 93.00 (68.46, <0.001
109.87) 109.89) 107.05)
TBil [median (IQR) 11.40 (8.60, 15.20) 11.40 (8.60, 15.20) 12.10 (8.40, 18.10) <0.001
ALB [median (IQR) 4410 (41.10,46.80) | 44.10 (41.20,46.90) | 39.00 (32.80, 43.10) <0.001
ALT [median (IQR) 18.00 (13.00, 28.00) 18.00 (13.00, 28.00) 20.00 (14.00, 37.00) <0.001
LDH [median (IQR)] 165.00 (144.00, 164.00 (144.00, 208.00 (167.00, <0.001
191.00) 191.00) 280.50)
ALP [median (IQR) 75.00 (61.00, 93.00) 75.00 (61.00, 93.00) 80.00 (63.00, <0.001
105.00)
G [median (IQR)] 5.03 (4.64, 5.61) 5.02 (4.64, 5.59) 6.76 (5.19, 9.49) <0.001
NLR [median (IQR) 2.09 (1.54,3.04) 2.08 (1.53, 3.00) 6.64 (2.88, 14.01) <0.001

BMI, body mass index; ASA-PS, American Society of Anesthesiologists Physical Status; CCI, Charlson Comorbidity Index; RCRI, Revised Cardiac Risk Index; Ex-care, Ex-Care model;
MAP, mean arterial pressure; Hb, Hemoglobin; BUN, Blood urea nitrogen; CRE, Creatinine; eGFR, Estimated glomerular filtration rate; TBil, Total bilirubin; ALB, Albumin; ALT, Alanine
transaminase; LDH, Lactate dehydrogenase; ALP, Alkaline phosphatase; G, Blood glucose; NLR, neutrophil to lymphocyte ratio.
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and associated with immune microenvironment

In vitro experiments to identify the biological
function of NDUFB3 in SP
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Models OR CI P

2.5% 97.5%

Internal cohort study(MIMIC IV database cohort study)

$p0,293% 0.68 0.49 093 0.017

Pa0,/Fi0,(189-619) 038 032 045 <0.001

Pa0,(97-339) mmHg 093 0.69 125 0.63
External validation cohort study(eICU database cohort study)

$p0,293% 078 0.63 096 0.020

Pa0,/Fi0,(189-619) 075 056 098 0.048

Pa0,(97-339) mmHg 0.70 055 090 0.006

PaCO,, partial pressure of carbon dioxide; SpO,, arterial oxygen saturation; PaO,, partial pressure of oxygen.
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Baseline variables
Age(years) (median [IQR])
Gender,M (%)

Coexisting illness, (n(%))
Hypertension

Diabetes

Respiration

Renal

Site of infection, (n (%))
Urinary

Lung

Catheter

Skin and soft tissue
Abdominal cavity
Microbiology type, (n (%))
Acinetobacter baumannii
Klebsiella

Escherichia Coli
Pseudomonas aeruginosa
Staphylococcus aureus
Fungus

Vital signs, (median [IQR])
Respiratory rate (bpm)
$p0,, %

FiO,, %

Pa0,, mmHg

PaCO,, mmHg

Pa0,/FiO,

Non-SAE patients

69.00
2103

553 (
558 (
1065
1362

200 (
185 (

Original cohort

(n=3341)

[60.00, 77.00]
(62.9)

16.6)
16.7)
(31.9)
(40.8)

6.0)
5.5)

65 (1.9)

103 (
9 (

3.1)
27)

6(02)

161 (
340 (
133 (

8 (
300 (

26.00
94.00
50.00
99.00
47.00

4.8)
10.2)
4.0)
1.1)

9.0)

23.00, 31.00.
92.00, 95.00.
40.00, 55.00
80.00, 129.00]
42.00, 52.00

219.00 [150.00, 264.00]

Laboratory parameters (median [IQR])

White blood cell (x10” /L)
Hemoglobin(g/dL)

Platelet (x10” /L)
Creatinine(mg/dL)

Blood urea nitrogen (mg/dL)
Glucose(mg/dL)

Sodium (mmol/l)

Lactates (mmol/L)

The score system, (median [IQR])
SOFA

GCS

Mechanical ventilation, (n(%))
Use of vasopressors, (n(%))

Length of hospital stays, days
(median [IQR])

Hospital mortality, (n(%))

14.10
9.30

10.70, 18.70
8.10, 10.70]

141.00[107.00, 201.00]

1.00
19.00

0.80, 1.40
14.00, 28.00

133.00[113.00, 164.00]
140.00(137.00, 142.00]

1.70

3.00
15.00
2575
2080
230

250 (

1.20, 2.40

2.00, 5.00
[15.00, 15.00]
(77.1)
(62.3)
1.30, 4.90

7.5)

SAE patients

(n=671

4)

68.00[59.00, 77.00]

4252

1129
1100
2015
2754

360
370
96 (
205 (
166 (

(63.3)

(16.8)
(16.4)
(30.0)
(41.0)

(5.4)

(5.5)
1.4)
3.1)
2.5)

0 (0.3)

454
845 (
175 (
63 (
1118

(6.8)
12.6)
2.6)
0.9)
(16.7)

27.00[24.00, 31
93.00[90.00, 95.4
50.00[40.00, 66.

93.00|

47.00(41.00, 52.
216.00 [136.70,

14.10[10.50, 18.1

9.30
144.0(
1.00

0.80, 1.40.

19.00(14.00, 294

134.0(
140.0(
1.70

5.00

1.20, 2.30

3.00, 7.00!

13.00[8.00, 14.0f

5153
4036
2.40

914

(76.8)
(60.1)
1.30, 5.10

(13.6)

74.00, 123.00]

8.10, 10.70]
0[108.75, 206.00]

00
00
00!

00
248.00]

60

00

0[113.00, 165.00]
0[137.00, 142.00]

0]

P

0.540
0.722

0.760
0.707
0.059
0.807

0.215
0.993
0.063
0.984
0.612

0.373
<0.001
<0.001
<0.001

0.403
<0.001

<0.001
<0.001
<0.001
<0.001

0.171
<0.001

0.58

0.278
0.022
0.255
0.209
0.407
0.629
0.003

<0.001
<0.001
0.737
0.040
0.142

<0.001

Non-SAE patients

(n=3327)

69.00[59.00, 77.00]
2099 (63.1)

548 (16.5)
558 (16.8)
1059 (31.8)
1357 (40.8)

195 (59)
182 (5.5)
64(19)
56 (1.7)

3 (2.6)

5(02)
160 ( 4.8)
338 (10.2)
120 ( 3.6)
6 (1.1)
299 (9.0)

26.00(23.00, 31.00
95.00[93.00, 96.00
43.00[40.00, 50.00
118.00[95.00, 152.00]
47.00(42.00, 52.00
248.60 (219.00, 316.00]

14.10[10.70, 18.70
9.30 [8.00, 10.70]
141.00[107.00, 201.00]
1.00 [0.80, 1.40!
19.00[14.00, 27.00
133.00[112.50, 164.00]
140.00[137.00, 142.00]
1.70 [1.20, 2.40!

3.00 [2.00, 5.00
15.00[15.00, 15.00]
2563 (77.0)
2070 (62.2)
230 [1.30, 4.90

248 (7.5)

Match cohort

68.00|
2105

532 (
484 (

SAE patients

(n=3327)

[59.00, 77.00]
(63.3)

16.0)
14.5)

713 (21.4)

1222

167 (
122 (

(36.7)

5.0)
3.7)

39(12)

102 (

3.1)

64 (1.9)

12 (04)

177 (
352 (
117 (
32 (
302 (

26.00|
94.00|
50.00
99.00|
44.00|
219.0(

13.90)
9.20
136.0(
1.00
18.00|
132.00
140.0(
1.60

5.00
13.00|
2500
1966
230

53)
10.6)
35)
1.0)

9.1)

23.00, 30.00
92.00, 95.00
40.00, 55.00
80.00, 129.00]
39.00, 49.00
0 [150.00, 264.00]

1040, 18.10
8.00, 10.50]
0[104.00, 191.00]
0.80, 1.40
14.00, 27.00
0[111.00, 161.00]
0[138.00, 142.00]
1.20, 2.30

3.00, 7.00
8.00, 14.00
(75.1)
(59.1)
130, 4.80

222 (6.7)

0.036
0.899

0.618
0.014
<0.001
0.001

0.144
0.001
0.017
<0.001
0.059

0.145
0.371
0.601
0.895
0.715
0.932

0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.078
0.025
<0.001
0.233
0.036
0.164
0.342
0.004

<0.001
<0.001
0.075
0.010
0.876

0.232

GCS, Glasgow coma scale; SOFA, sequential organ failure assessment;PaCO,, partial pressure of carbon dioxide; SpO,, arterial oxygen saturation; PaO,, partial pressure of oxygen.
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Models

2.5%

CI

Internal cohort study(MIMIC database cohort study)

Multivariate Logistic analysis (Original cohort)

$p0,293% 0.32
Pa0,/Fi0,(189-619) 051
Pa0,(97-339)mmHg 0.57
Propensity score matching

$p0,293% 0.59
Pa0,/Fi0,(189-619) 0.87
Pa0,(97-339)mmHg 0.76
Propensity score IPW

$p0,293% 0.61
Pa0,/Fi0,(189-619) 0.88
Pa0,(97-339)mmHg 0.79
Doubly robust with all covariates

$p0,293% 0.85
Pa0,/Fi0,(189-619) 0.96
Pa0,(97-339)mmHg 0.92

External validation cohort study(eICU database cohort study)

Multivariate Logistic analysis

$p0,293% 0.78
Pa0,/FiO,(189-619) 0.75
Pa0,(97-339)mmHg 0.70
Propensity score matching

$p0,293% 0.79
Pa0,/Fi0,(189-619) 0.73
Pa0,(97-339)mmHg 0.32
Propensity score IPW

$p0,293% 0.78
Pa0,/Fi0,(189-619) 0.76
Pa0,(97-339)mmHg 0.69
Doubly robust with all covariates

$p02293% 091
Pa0,/FiO,(189-619) 0.90
Pa0,(97-339)mmHg 0.87

0.27
0.45
0.47

0.55
0.80
0.70

0.56
0.81
0.72

0.82
0.93
0.90

0.63
0.56
0.55

0.65
0.60
0.24

0.64
0.62
0.57

0.84
0.83
0.81

PaCO,, partial pressure of carbon dioxide; SpO,, arterial oxygen saturation; PaO,, partial pressure of oxygen.

97.5%

0.39
0.58
0.68

0.65
0.95
0.82

0.67
0.96
0.86

0.87
0.98
0.95

0.96
0.98
0.90

0.96
0.90
0.41

0.96
0.94
0.85

0.98
0.97
0.94

<0.001
<0.001
<0.001

<0.001
0.002
<0.001

<0.001
0.003
<0.001

<0.001
0.002
<0.001

0.020
0.048
0.006

0.018
0.002
<0.001

0.020
0.011
0.001

0.012
0.006
<0.001
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MIMIC IV database

19658 patient were
diagnosed with sepsis3.0

Excluded the following patients(n=9603)
Intracerebral hemorrhage, cerebral embolism
and ischemic stroke(n=989)

Traumatic brain injury(n=135)

Meningitis and encephalitis(n=261)

Epilepsy(n=237)

Other cerebrovascular disease(n=229)
Mental disorders and and neurological
disease(n=342)

Chronic alcohol or drug abuse(n=399)
Metabolic encephalopathy(n=59)
Hypertensive encephalopathy(n=2)

Hepatic encephalopathy(n=64)

Other Liver disease or kidney disease affecting
consciousness(n=79)

Hyperglycemia(> 180 mg/dl)(n=560)

Hypoglycemia (< 54 mg/dl)(n=346)

Less than 18 years old (n=3)

Patient with missing systolic pressure, diastolic
blood pressure, mean arterial pressure(n=133)
No FiO, above 21% or no records of oxygen
index (n=5765)

l

10055 patients for the final
analysis

SAE patients(n=6714)

non-SAE patients(n=3341)

eICU database

31737 patient were
diagnosed with sepsis3.0

Excluded the following patients(n=30052)
Traumatic brain injury, intracerebral hemorrhage

cerebral embolism and ischemic stroke(n=573)
Meningitis and encephalitis(n=51)
Epilepsy(n=3)
Mental disorders and and neurological
disease(n=832)
Chronic alcohol or drug abuse(n=487)
Metabolic encephalopathy(n=136)
Hepatic encephalopathy(n=118)
Other cerebrovascular disease(n=219)
Hyperglycemia(> 180 mg/dl)(n=609)
Hypoglycemia (< 54 mg/dl)(n=147)
Less than 18 years old (n=1)
No FiO, above 21% or no records of oxygen
index (n=5432)
Patient with missing GCS score (n=21444)

-

1685 patients for the final
analysis

SAE patients(n=999)

non-SAE patients(n=686)
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Year  Total Age Primary Main outcome Ultrasound Amount Intervention Outcome
anethesia used and type of
anesthetic
agent
1 Rodrigues et al. 2021 197 503 & 14.1vs. 45/21vs.49/16 | I-111 General The primary outcome was Y 30ml0.5% dexmedetomidine | DOA/O
(25) 52.5413.87 vs. 53/13 anesthesia with a duration of analgesia after bupivacaine 50 mcg PN,
vs. 49.4 £12.7 single-shot ISB ISB as measured by time dexamethasone
from block administration 4mgLV.,
to the first time shoulder dexmedetomidine
pain was experienced after 50 meg +
the surgery. dexamethasone
4mgLV.
2 ‘Woo et al. (26) 2021 70 62.2£8.0vs. 15/20vs. 20/15 | I-1II General The time of the first Y 12 ml of 0.5% dexamethasone DOA/O/VAS
58.8+9.6 anesthesiawitha | analgesic request was ropivacaine 5mgPN.
single-shot ISB recorded as the interval
between ISB and the first
analgesic administration.
3 Holland et al. (7) 2017 209 53 & 14 vs. 50 53/16vs. 45/25 | I-1II General The primary outcome was Y 30ml0.5% dexamethasone DOA/O
+15vs.51 % vs. 45/25 anesthesiawitha | defined as the duration of bupivacaine 4mgor8mgLV.
14 single-shot ISB 1SB analgesia, measured or8mgPN.
from the time of completion
of the injection of the ISB
solution to the time the
patient first experienced
shoulder pain after surgery.
4 Chalifoux et al. 2016 69 54.7 & 74 vs. 11/11 vs. 12/11 not General The first analgesic request Y 20ml 0.5% dexamethasone DOA/O/VAS
@7 54.7 £ 10.5vs. vs. 17/7 mention | anesthesia with a occurred. ropivacaine 4mglVv,
488+ 124 single-shot dexamethasone
10mgLV.
5 Kangetal. (1) 2019 66 46.3 £ 16.6 vs. 14/8 vs. 15/7 I-1T General The time to first rescue ¥ 15ml of 0.5% dexamethasone DOA/O
46.1£17.0vs. vs. 13/9 anesthesiawitha | analgesic request. ropivacaine 0.11 mg/kg LV 5
47.4+13.5 single-shot ISB dexamethasone
0.11 mg/kg +
dexmedetomidine
1.0 meg/kg LV.
6 Kataria et al. (28) 2019 60 30.13 4 10.89 25/5 vs. 24/6 not General Duration of analgesia ¥ 20ml 0.5% dexmedetomidine DOA/O
vs.30.17 £ mention | anesthesiawitha | (defined as time from set of ropivacaine 0.5 meg/kg PN;
11.69 single-shot ISB adequate sensory block to dexamethasone
the time of patient 8mg PN.
self-administering the first
bolus of supplemental an
algesic medication).
7 Chun etal. (29) 2016 99 53.0414.2 Vs. 34/15vs. 33/17 1111 General The time to the first Y 12mlof Dexamethasone DOA/VAS
50.8+17.5 anesthesiawitha | analgesic request. ropivacaine 5mg | 5mglV.,
single-shot ISB dexamethasone
5mgPN.
8 Jadon et al. (30) 2015 112 male:48.36 £ 25/25vs. 22/28 I-1T General Primary outcome measure N 30 ml of 0.5% Dexamethasone DOA/VAS
13.82 female: anesthesia with a was to evaluate the effect of ropivacaine 8 mgPN.
50.96 + 10.10 single-shot ISB mixing dexamethasone on
vs. male:48.72 duration of analgesia
+12.75 provided by ISB.
female: 51.14
+10.83
9 Desmet etal. (31) 2013 144 511 143 vs. 21/25vs.21/28 not General The primary outcome was Y 30 ml of 0.5% dexamethasone DOA
53.0 £13.9vs. vs. 23/26 mention | anesthesiawitha | the duration of analgesia, ropivacaine 10mg LV
51.6+14.0 single-shot ISB defined as the time between dexamethasone
performance of the block 10 mg PN.
and the first analgesic
request.
10 Woo etal. (32) 2015 72 544+ 178 vs. 23/13 vs. 30/6 111 General The primary endpoint was Y 12 ml of 0.5% dexamethasone 5 DOA/VAS
4734175 anesthesiawitha | the time to the first ropivacaine mg PN.
single-shot ISB analgesic request.
11 McHardy et al. 2019 179 51.6£13.75 67/25 vs. 69/21 LT General The primary outcome was ' 5mlof 0.5% dexamethasone DOA/O/VAS
(33) vs. 528 £ 13.5 anesthesiawitha | duration of sensory block ropivacaine 4mgLV. or PN.
single-shot ISB defined as the time from the
end of injection to the first
sensation of pain at the
surgical site.
12 Kawanishi et al. 2014 34 56.7 & 16.6 vs. 8/4 vs. 9/3 vs. I-1T General The primary outcome was Y 20 ml of 0.75% dexamethasone DOA
(@) 55.6 4 12.8vs. 713 anesthesiawitha | the duration of analgesia, ropivacaine 4mgPN,,
5924153 single-shot ISB defined as the time between dexamethasone
performance of the block 4mglLV.
and the first request for
analgesic.
13 Jung etal. (3) 2018 47 58.70 & 11.19 7116 vs. 15/9 111 General The primary outcome was ¥ 20 ml of 0.5% dexmedetomidine DOA
vs. 58.67 & anesthesiawitha | the duration of analgesia. ropivacaine 2 meg/kg PN
7.74 single-shot ISB
14 Lin etal. (34) 2017 60 48.5 £ 8.1 vs. 10/10 vs. 11/9 LI General Primary endpoint was the Y 30 ml of 0.5% dexamethasone DOA
50.8+ 8.7 vs. vs. 12/8 anesthesiawitha | time to first postoperative ropivacaine 0.05 mg/kgLV.;
47.0£9.0 single-shot ISB analgesic required. dexamethasone
0.1 mg/kgLV.
15 Margulis et al. 2021 89 52£3vs.54 % 19/9 vs. 12/18 -1 General The time to first Y 20 ml of 0.5% dexamethasone DOA/O/VAS
(35) 25vs.52 £ 45 vs. 19/12 anesthesiawitha | postoperative opioid ropivacaine 4mg PN;
single-shot ISB required. dexmedetomidine
75 meg PN
16 Vasconcelos et al. 2020 71 472+ 13 vs. 46/54 vs. 59/41 I-11 General The duration of the sensory Y 30 ml of 0.5% dexamethasone DOA/VAS
(36) 507 £ 11 anesthesia with a block. levobupivacaine | 6mgPN.
single-shot ISB
17 Morita et al. (2) 2020 54 62.1 £ 11.0vs. 11/10vs. 22/11 L-1II General The time to the first request Y 20 ml of 0.25% dexamethasone DOA/VAS
63.6+10.4 anesthesia with a for additional analgesic. levobupivacaine | 3.3 mgPN.
single-shot ISB
18 Sakae et al. (37) 2017 60 52.05+£13.7 11/9 vs. 14/6 LI General The duration of the sensory Y 20 ml of 0.75% dexamethasone DOA/VAS
vs.52.1£12.3 vs. 12/8 anesthesia with a block. ropivacaine 4mg PN;
vs.532+£9.8 single-shot ISB dexamethasone 4
mgLV.
19 Yang etal. (38) 2019 87 592467 vs. 19/10 vs. 21/8 I-11 General The duration of the sensory Y 20 ml of 0.5% dexamethasone DOA/VAS
58.5 =+ 8.0vs. vs. 17/12 anesthesia with block. ropivacaine 0.05 mg/kg or 0.1
598+7.6 asingle-shot ISB mg/kgLV.
20 Jin and Wu (39) 2019 120 5231129 26/14 vs. I-1T General The duration of the sensory Y 20 ml of 0.75% dexamethasone DOA/VAS
vs.53.5 £ 30/10vs. 32/8 anesthesia with a block. ropivacaine 2mg
13.1vs.53.5 & single-shot ISB PN; dexamethasone
142 4mgLV.
21 Lvetal. (40) 2020 75 502% 12.1vs. 15/10 vs. -1 General The duration of the sensory Y 20 ml of 0.5% dexamethasone DOA/VAS
49.3 & 14.3vs. 14/11vs. 16/9 anesthesia with a block. ropivacaine 0.1mg/kg +
53.7+11.0 single-shot ISB dexmedetomidine
2 meg/kg LV
dexamethasone
0.1 mg/kg LV.
22 Shen and Chen 2021 80 56.4 & 14.3 vs. 10/13 vs. 11/12 I-1T General The duration of nerve Y 20 ml of 0.375% dexamethasone DOA/VAS
(41) 55.7+13.2 anesthesia with a block. ropivacaine 5mg PN.
single-shot ISB
23 Yu (42) 2021 70 55.73 &+ 5.46 21/14vs.22/13 ! General The duration of the sensory Y 20 ml of 0.5% dexamethasone DOA
vs.56.24 + anesthesiawitha | block. ropivacaine 0.10 mg/kg PN.
597 single-shot ISB
24 Qian etal. (43) 2018 40 56 & 11 vs. 56 11/9 vs. 11/9 I-1T General The time to the first request Y 20 ml of 0.375% dexmedetomidine DOA/VAS
+14 anesthesiawitha | for additional analgesic. ropivacaine 1 meg/kg PN
single-shot ISB
25 Feng et al. 2021 30 4224+ 6.34vs. 713 vs. 6/4vs. I-11 General The duration of the sensory ¥ 20 ml of 0.5% dexamethasone DOA/VAS
43.3 & 5.14vs. 6/4 anesthesia with a block. ropivacaine 4mg PN;
44.6 £10.0 single-shot ISB dexmedetomidine
1 meg/kg PN

RCT, Randomized controlled trial; CG, Control group. DXM, dexamethasone; DEX, dexmedetomidine; Y, yes; N, no; IV, intravenous; PN, perineural; DOA, duration of analgesia; O, opioid.
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Forward primer (5'-3)

Reverse primer (5'-3')

SET AAACCAAGACCACCTCCTGC TTCTCCCTTCTTCGGCAAGC
LPIN1 GAGGAAAACCTCTCCCTGGC CCCCACAGCCAAAGCATTTC
TXN GATGTGGATGACTGTCAGGATG TTCACCCACCTTTTGTCCCTT
CD74 TGGAGCAAAAGCCCACTGAC CAGTAGCCGATGCTCCCATAG
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Model C (95% Cl) p-Value for NRI (95% Cl) p-Value for NRI IDI (95% ClI)
0.847
WCCs model (0.799-0.895)
0.005
0.819 0.156 0.067
BCDIMSs, model (0.767-0.872) (=0.016 to 0.260) .001 (0.045-0.090) <0:001

p-Value in bold indicates that p-value is less than 0.05.
WCCs, white cell counts; BCDIMs, blood count-derived inflammatory markers; AUC, area under curve; NRI, net reclassification index; IDI, integrated discrimination improvement; CI,
confidence interval.
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Variables OR 95% Cl
BMI 0.130 1139 1.048-1.238 0.002
Smoking (smoker) 0.556 1.743 0.930-3.267 0.083
MLR 2470 11.822 4.695-29.770 <0.001
NLR 0.027 1.028 0.971-1.087 0.346
Total arch replacement (yes) 0.838 2312 0.809-6.605 0.118
CA minimum temperature -0.245 0.783 0.680-0.902 0.001
Operation time 0.001 1.001 0.998-1.005 0.435
Aortic cross-clamp time 0.004 1.004 0.998-1.009 0.199

p-Value in bold indicates that p-value is less than 0.05.
AKI, acute kidney injury; BCDIMs, blood count-derived inflammatory markers; BMI, body mass index; MLR, monocyte-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; CA, circulatory
arrest.
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Outcomes pAKI group

Delirium 8 (6.11) 15 (12.10) 0.073
Cardiac complications 5(3.82) 11(8.87) 0.079
Spinal cord complications 2 (1.53) 4(3.23) 0.316
Cerebral complications 1 (0.76) 8 (6.45) 0.015
Hypoxemia 102 (77.86) 107 (86.29) 0.056
Hepatic dysfunction 73 (55.73) 115 (92.74) <0.001
In-hospital mortality 1(076) 8 (6.45) 0.015

p-Value in bold indicates that p-value is less than 0.05.
PAKI, postoperative acute kidney injury.
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Variables Non-pAKI group (n = 131) pAKI group 124)

Age (years) 53.13 + 12.56 50.96 + 11.52 0.152
Gender (F/M) 53/78 30/94 0.004
BMI 24.67 +3.80 26.04 + 4.21 0.001
Time from onset to surgery (h) 38 (24, 90) 40.5 (25.25, 71) 0.893
Acute AD (acute/subacute) 124/7 121/3 0.336
Hypertension (n (%)) 88 (67.18) 94 (75.81) 0.083
Diabetes (n (%)) 11 (8.40) 5(4.03) 0.119
Marfan syndrome (n (%)) 1 (0.86) 5 (4.03) 0.094
Smoking (n (%)) 63 (48.09) 75 (60.48) 0.031
Drinking (n (%)) 30 (22.90) 35(28.23) 0.203
Systolic BP (mmHg) 135.63 + 24.27 136.00 + 27.81 0.909
Diastolic BP (mmHg) 65.36 + 13.50 65.43 + 16.06 0.971
White blood cells (x10°/L) 11.01 £3.79 12.36 + 447 0.009
Red blood cells (x10'%/L) 4.08 + 0.56 413074 0588
Hemoglobin (g/L) 122.86 + 16.98 125.11 + 22.82 0.371
Platelet (x10°/L) 179.90 + 105.48 165.46 + 57.38 0.179
MPV (fL) 9.81 £ 1.41 10.30 + 8.03 0.487
Neutrophil (XlOglL) 9.01 £ 3.55 10.40 + 4.06 0.004
Lymphocyte (x10°/L) 1.20 + 0.56 0.92 £ 0.55 <0.001
Monocyte (x10°/L) 0.71 £0.33 0.93 + 047 <0.001
Eosinophil (x10°/L) 0.05 +0.07 0.04 + 0.07 0.269
RDW (%) 1345 + 1.19 13.56 + 2.20 0.604
Albumin (g/L) 36.89 +4.78 37.53 + 448 0.270
Globulin (g/L) 26.22 £3.85 25.67 + 3.94 0.267
Total bilirubin (imol/L) 19.36 + 15.90 19.09 £ 11.00 0.874
Direct bilirubin (umol/L) 7.63 +7.07 7.92 + 501 0.708
ALT (U/L) 54.78 + 113.99 68.55 + 272.46 0.596
AST (U/L) 71.85 + 153.91 80.97 + 254.24 0.727
Urea (mmol/L) 10.13 + 30.51 7.31 £4.10 0.307
Creatinine (umol/L) 106.03 + 70.61 134.38 + 14.54 0.069
UA (umol/L) 391.29 £ 138.61 374.15 £ 114.84 0.285
Blood glucose (mmol/L) 8.24 +3.31 7.91 227 0.368
Lactic acid (mmol/L) 1.67 + 1.40 1.53 + 1.04 0.352
INR 1.14 £ 0.19 115+ 0.17 0.746
Total arch replacement (n (%)) 105 (80.15%) 112 (90.32%) 0.034
Operation time (min) 407.63 + 111.23 466.31 + 11542 <0.001
Cerebral protection strategy (antegrade/retrograde) 113/18 114/10 0.165
Cardiopulmonary bypass time (min) 196.27 + 68.89 218.06 + 66.65 0.011
Aortic cross-clamp time (min) 106.18 + 47.58 125.65 + 8245 0.021
Circulatory arrest time (min) 27.55 + 21.64 26.66 + 10.27 0.678
CA minimum temperature (°C) 26.98 +£2.76 26.12 + 2.56 0.010
CRBC usage intraoperation (U) 2.0 (0, 5.0) 3.5 (1.5, 5.375) 0.443
Plasma usage intraoperation (mL) 350 (0, 600) 400 (0, 600) 0.217
Cryoprecipitate usage intraoperation (U) 1.0 (0, 1.0) 1.0 (1.0, 1.0) 0.089
Platelet usage intraoperation (U) 1.0 (0, 1.0) 1.0 (0, 1.0) 0.092

p-Value in bold indicates that p-value is less than 0.05.
PAKI, postoperative acute kidney injury; BMI body mass index; BP, blood pressure; MPV, mean platelet volume; RDW, red blood cell volume distribution width; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; UA, uric acid; INR, international normalized ratio; CA, circulatory arrest; CRBC, concentrated red blood cells.
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INR

Pre-operation 1.0 [1.0, 1.1] 1.0 [1.0, 1.1] 0.002

Post-operation 1.2 (1.1, 1.3] 1.2 [1.1, 1.3] 0.000

Variables are shown as “mean (SD),” “number (%),” or “median [25% quartile, 75% quartile].”
APT, abnormal prothrombin; TBIL, total bilirubin; ALT, alanine transaminase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; ALB, serum albumin; Cr, creatinine; BUN,

blood urea nitrogen; CRP, C-reactive protein; WBC, white blood cell; N %, neutrophil %; Hb, hemoglobin; PLT, platelet; INR, international normalized ratio.

*Laboratory detections within 24 h after surgery were acquired for post-operation time point.
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Incidences of ARDS
Validation

Degrees of risk score*

Development

Logistic model:

cohort
(n =490)

cohort
(n =542)

Overall**

—2.42 [—3.06,
—1.68]

—25[—3.14, —1.81]

<—2.15 (low-risk)

6/294 (2.0%)

8/357 (2.2%)

—2.15 to —1.15 (medium-risk)

18/134 (13.4%)

11/118 (9.3%)

>—1.15 (high-risk)

19/62 (30.6%)

12/67 (17.9%)

LASSO model:

Overall**

0.22 [—0.23,0.73]

0.19 [—0.23, 0.74]

<0.40 (low-risk)

4/299 (1.3%)

6/339 (1.8%)

0.40 to 1.22 (medium-risk)

20/127 (15.7%)

12/139 (8.6%)

>1.22 (high-risk)

19/64 (29.7%)

13/64 (20.3%)

*The cutoff of risk scores was determined by the ROC curves in the development
cohort. The lower bound was defined as the maximum of risk score when the sensitiv-

ity > 90%, and the upper bound was defined as the minimum of risk score when the

specificity > 90%.

**The distribution of risk score was expressed as “median [25% quartile, 75% quartile].”
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Subgroups Logistic model LASSO model

AUC 95% ClI AUC 95% Cl

Gender

Male 0.806 0.729-0.883 0.843 0.781-0.906
Female 0.774 0.653-0.895 0.867 0.776-0.958
Age

<60 years 0.835 0.765-0.905 0.887 0.833-0.941
>60 years 0.776 0.674-0.879 0.809 0.722-0.897
TNM

I 0.799 0.684-0.913 0.854 0.767-0.941
-1v 0.794 0.722-0.865 0.827 0.758-0.896
Smoking

Yes 0.787 0.682-0.892 0.820 0.716-0.924
No 0.817 0.737-0.897 0.863 0.804-0.922
Alcohol drinking

Yes 0.816 0.700-0.932 0.810 0.686-0.933
No 0.803 0.726-0.879 0.865 0.811-0.919
Cirrhosis

Yes 0.828 0.732-0.924 0.872 0.801-0.942
No 0.784 0.701-0.867 0.828 0.750-0.906
Hypertension

Yes 0.683 0.538-0.828 0.749 0.609-0.888
No 0.858 0.800-0.916 0.892 0.850-0.934

AUCG, Area under the curve; CI, confidence interval; TNM, clinicopathological stage.
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Characteristics

(n =542)

P-value

Preoperative

Gender (male/female) 395/95 (80.6%/19.4%) 427/115 (78.8%/21.2%) 0.466
Age (year) 56.6 (11.5) 57.1 (10.8) 0.519
Height (cm)* 167.6 (6.3) 167.1 (6.7) 0.251
Weight (kg)* 67.8(10.2) 66.3 (9.8) 0.027
ASA stage 0.204

Tand II 424 (86.5%) 483 (89.1%)

11l 66 (13.5%) 59 (10.9%)
Child-Pugh stage (A/B) 469/21 (95.7%/4.3%) 514/28 (94.8%/5.2%) 0.507
TNM stage 0.562

I 281 (57.3%) 326 (60.1%)

11 156 (31.8%) 156 (28.8%)

Il and IV 53 (10.8%) 60 (11.1%)
Hypertension (yes/no) 112/378 (22.9%/77.1%) 126/416 (23.2%/76.8%) 0.882
Diabetes (yes/no) 50/431 (12.0%/88.0%) 69/473 (12.7%/87.3%) 0.737
Smoking (yes/no) 196/294 (40.0%/60.0%) 245/297 (45.2%/54.8%) 0.092
Alcohol drinking (yes/no) 156/334 (31.8%/68.2%) 168/374 (31.0%/69.0%) 0.771
Viral hepatitis® (yes/no) 370/120 (75.5%/24.5%) 296/246 (54.6%/45.4%) 0.000
HBV-DNA < 50 IU/ml (yes/no) 244/246 (49.8%/50.2%) 297/245 (54.8%/45.2%) 0.108
Cirrhosis (yes/no) 254/236 (51.8%/48.2%) 268/274 (49.4%/50.6%) 0.443
PVTT (yes/no) 35/455 (7.1%/92.9%) 20/522 (3.7%/96.3%) 0.014
Portal hypertension (yes/no) ® 78/412 (15.9%/84.1%) 99/443 (18.3%/81.7%) 0.318
TACE before surgery (yes/no)*$ 47/443 (9.6%/90.4%) 58/482 (10.7%/89.3%) 0.543
Intraoperative
Open/laparoscopic* 460/30 (93.9%/6.1%) 491/49 (90.9%/9.1%) 0.075
Left/right/caudate/left + right lobe resection* 131/309/6/44 117/344/8/67 0.129
Tumor number (single/multiple) 418/72 (85.3%/14.7%) 442/100 (81.5%/18.5%) 0.106
Tumor size (cm) ¢ 5.6 (3.8) 5.7 (3.8) 0.773
Operation time (min) 188.8 (94.5) 172.6 (82.3) 0.003
Volume of bleeding (ml) 300 [200, 500] 200 [200, 300] 0.000
Plasma transfusion (ml) 010, 0] 010, 0] 0.428
RBC transfusion (ml) 010, 0] 010, 0] 0.333
Crystalloid fluid** (ml) 1,400 [1,000, 1,500] 1,000 [1,000, 1,500] 0.001
Colloidal fluid** (ml) 500 [500, 1,000] 500 [500, 1,000] 0.639
Postoperative
Postoperative complications® 157 (32.0%) 140 (25.8%) 0.028
ARDS 43 (8.8%) 31 (5.7%) 0.057

Mild 31 (6.3%) 22 (4.1%) 0.590

Moderate 8 (1.6%) 4(0.7%)

Severe 4(0.8%) 5(0.9%)
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Fever’S (>38°C over 48 h) 36 (7.3%) 46 (8.5%) 0.499
Pain 29 (5.9%) 37 (6.8%) 0.552
Bleeding 1(0.2%) 4(0.7%) 0.377
Pulmonary/abdominal infection®® 53 (10.8%) 21 (3.9%) 0.000
Severe PONV'SS 1(0.2%) 3 (0.6%) 0.626

Variables are shown as “mean (SD),” “number (%),” or “median [25% quartile, 75% quartile].”
ASA, American Society of Anesthesiologists; TNM, clinicopathological stage; HBV, hepatitis B viral; PVTT, portal vein tumor thrombus; TACE, transcatheter arterial chemoembolization;

RBC, red
*Factors
**Crystal

blood cell; ARDS, acute respiratory distress syndrome; PONV, post operative nausea and vomiting; SD, standard deviation.
with a single asterisk indicate patients with missing data.
loid fluid means lactated Ringer’s solution and colloidal fluid means hydroxyethyl starch solution (Voluven).

$Viral hepatitis includes HBV and HCV infection. Portal hypertension is defined as gastroscopy revealing esophageal varices or blue earthworm-like changes, TACE before surgery is

defined as patients receiving TACE before surgery within 3 months.

S Patients with multiple postoperative complications were counted separately. The body temperature is defined as the armpit temperature. Pulmonary infection is identified by

sputum

acterial cultures and abdominal infection is identified by ascitic fluid bacterial cultures. Severe PONV is defined as episodes of the expulsion of gastric contents that need

antiemetic treatment.
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Biomarkers Development cohort (n = 490) Validation cohort (n = 542) P-value
Hepatic function biomarkers*
APT < 40 mAU/ml (yes/no) 162/328 (33.1%/66.9%) 164/378 (30.3%/69.7%) 0.333
TBIL
Pre-operation 13.4[9.5,17.6] 13.5[10.3,18.2] 0.124
Post-operation 275 [18.7,39.5] 28.9 [21.0, 41.3] 0.057
ALT
Pre-operation 27.0 [19.0, 41.0] 26.0 [18.0, 40.0] 0.432
Post-operation 269.0 [148.0, 461.8] 244.0 [142.5, 461.8] 0.527
AST
Pre-operation 28.0 [21.0, 38.3] 27.0 [20.0, 38.0] 0.579
Post-operation 223.0 [131.8, 431.5] 225.0 [137.0, 415.5] 0.602
LDH
Pre-operation 172.0 [150.0, 203.5] 166.0 [146.0, 197.0] 0.030
Post-operation 362.0 [258.8, 523.5] 330.0 [248.0, 473.5] 0.021
ALB
Pre-operation 41.2 (4.3) 41.8 (4.0) 0.032
Post-operation 39.7 (5.9) 41.5 (6.1) 0.000
Renal function biomarkers
Cr
Pre-operation 75.1 (16.5) 74.0 (15.4) 0.282
Post-operation 75.1 (33.8) 69.4 (18.3) 0.001
BUN
Pre-operation 5.4[4.3,6.4] 5.2[4.3,6.1] 0.099
Post-operation 4.2 [3.3,5.3] 3.9[3.0,4.9] 0.000
Inflammatory biomarkers
CRP
Pre-operation 2.5[2.5,5.0] 2.5[2.5,5.0] 0.017
Post-operation 25.7 [12.4, 53.6] 31.6 [17.8, 63.4] 0.000
WBC
Pre-operation 5.4 (2.6) 5.4 (2.1) 0.572
Post-operation 13.8 (5.2) 13.4 (9.3) 0.472
N %
Pre-operation 59.2 (9.8) 59.0 (10.9) 0.761
Post-operation 86.5 (6.3) 85.9 (7.9) 0.212
Others
Hb
Pre-operation 138.1 (20.2) 140.0 (17.8) 0.126
Post-operation 121.7 (23.7) 122.0 (20.6) 0.842
PLT
Pre-operation 155.7 (66.4) 158.9 (71.2) 0.456
Post-operation 141.6 (64.2) 140.4 (60.3) 0.766
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Primary composite HR (95% CI) aHR(95% Cl)

outcome

30-day mortality 390 (3.20-475) 174 (1.39-2.18)
90-day mortality 407 (3.40-4.88) 189 (1.54-2.31)
1-year mortality 413 (3.45-495) 1.93 (1.58-2.36)
Secondary Outcomes OR(95% CI) 20R(95% CI)
ICU admission 1.76 (1.58-1.96) 152 (1.31-1.76)
MINS 491 (4.14-581) 301 (246-3.68)
Length of hospital stay 184 (1.68-2.01) 148 (1.34-1.64)

HR, Hazard ratio; aHR, Hazard ratio adjusted for all variables on Figure 2.
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Variable Overall hs- hs-

TnT<=14ng/L  TnT>14ng/L

n 7,156 5005 2151
Sex (n[%]) Men 4,299 (60.1) 2,872(57.4) 1,427 (66.3) <0.001
Women 2857 (39.9) 2,133 (42.6) 724(33.7)
Age (median[IQR]) 61.00[49.0071.00] | 59.00 [49.00,68.00] | 66.00 (51.00,76.00] <0.001
BMI (median(IQR]) BMI 23.00(21.002500] | 23.00 [210025.00]  23.00(20.0,25.00] <0.001
Prognostic models ASA (n[%) o 2560 (35.8) 2218 (44.3) 342(15.9) <0.001
it 3,956 (55.3) 2514(50.2) 1,442(67.0)
v 640(8.9) 273(5.5) 367 (17.1)
<=4 5945 (83.1) 4,165 (83.2) 1780 (82.8) 0.5
58 963 (13.5) 666 (13.3) 297 (13.8)
>=9 248(3.5) 174 (3.5) 74(3.4)
RCRI (n[%]) 0 3,189 (44.6) 2,396 (47.9) 793 (36.9) <0.001
1 2989 (41.8) 2,132 (42.6) 857 (39.8)
2 838 (11.7) 430(8.6) 408 (19.0)
>=3 140 (2.0) 47(0.9) 93(4.3)
SORT (median{IQR]) 145[0.64.2.71] 1.06[0.04.2.33] 2.27(0923.22] <0.001
Excare (median(IQR]) 1988(13.2224.13] | 19.88(13.22,2258] | 22.58(19.88,25.82] <0.001
Comorbidities No 6465 (90.3) 4618 (923) 1847 (85.9) <0.001
P, Ischemic heart disease
Yes 691(9.7) 387 (7.7) 304 (14.1)
Atrial fibrillation No 6,908 (96.5) 4,916 (98.2) 1992 (92.6) <0.001
Yes 248(3.5) 89(1.8) 159 (7.4)
Chronic heart failure or No 7,092 (99.1) 4,983 (99.6) 2,109 (98.0) <0.001
cardiomyopathy
Yes 64(0.9) 22(0.4) 42(20)
Valvular disease No 6,869 (96.0) 4852 (96.9) 2017(93.8) <0.001
Yes 287 (4.0) 153(3.1) 134(62)
Peripheral vascular disease or No 6,610 (924) 4,693 (938) 1917 (89.1) <0.001
abdominal aortic aneurysm
Yes 546(7.6) 312(6.2) 234(10.9)
Hypertension No 4,693 (65.6) 3,532 (70.6) 1161 (54.0) <0.001
Yes 2463 (34.4) 1473 (29.4) 990 (46.0)
Cerebrovascular disease No 7,001 (97.8) 4,935 (98.6) 2066 (96.0) <0.001
Yes 155 (2.2) 70 (1.4) 85(4.0)
Hemiplegia paraplegia or No 6,967 (97.4) 4,868 (97.3) 2099 (97.6) 0.488
paralytic syndrome
Yes 189 (26) 137 (27) 52(24)
Chronic obstructive pulmonary No 6,331 (88.5) 4,506 (90.0) 1825 (84.8) <0.001
disease
Yes 825(11.5) 499 (10.0) 326(15.2)
Diabetes No 6,039 (84.4) 4377 (87.5) 1,662 (77.3) <0.001
Yes L117 (15.6) 628 (12.5) 489 (22.7)
Cancer (including lymphoma No 5,335 (74.6) 3,554 (71.0) 1781 (82.8) <0.001
and leukemia)
Yes 1821 (25.4) 1,451 (29.0) 370 (17.2)
Childpugh grade A 1221 (739) 979 (81.2) 242(54.0) <0.001
B 388(23.5) 205(17.0) 183 (408)
c 44(27) 21(17) 23(5.0)
Preoperative anemia No 3735 (52.4) 3,044 (61.0) 691(32.3) <0.001
Yes 3398 (47.6) 1950 (39.0) 1,448 (67.7)
Preoperative increased No 5908 (85.6) 4553 (937) 1,355 (66.4) <0.001
creatinine
Yes 991 (14.4) 306 (6.3) 685 (33.6)
Preoperative leukocytosis No 5857 (82.1) 4,269 (85.5) 1,588 (74.2) <0.001
(n[%])
Yes 1276 (17.9) 725 (14.5) 551(25.8)
Emergency case Emergency 2025 (28.3) 1,161 (232) 864 (40.2) <0.001
(n[%])
Elective 5131 (71.7) 3844 (76.8) 1,287 (59.8)
Surgical category Thoracic 608 (8.5) 539 (10.8) 69(3.2) 0589
(n[%])
Vascular 536(7.5) 380(7.6) 156 (7.3)
General 1,639 (22.9) 1,091 (21.8) 548(25.5)
Neurosurgery 1369 (19.1) 972(19.4) 397(18.5)
Orthopedic 1524 (213) 1,065 (21.3) 459 (21.3)
Other 1,480 (20.7) 958 (19.1) 522(24.3)
General anaesthesia (n[%]) Yes 6,701 (94.2) 4,814 (96.5) 1887 (88.7) <0.001
No 414(5.8) 174(35) 240 (11.3)
Intraoperative MAP<55 mmHg at any time No 6,117 (85.5) 4400 (87.9) 1717 (79.8) <0.001
hypotension (n[%])
Yes 1,039 (145) 605 (12.1) 434(20.2)
Intraoperative mean heart rate (median[IQR]) 7180 (64.648189] | 7044 [6400,78.90] | 7653 [66.70,89.83] <0.001
Intraoperative transfusion (n[%]) No 6,123 (85.6) 4,461 (89.1) 1,662 (77.3) <0.001
Yes 1,033 (14.4) 544 (10.9) 489 (22.7)
Intraoperative blood loss (n[%]) <=400mL 4,663 (652) 3,209 (64.1) 697 (32.4) 0005
>400mL 2493 (34.8) 1796 (35.9) 1177 (547)
Duration of surgery (n[%]) 20min 3,680 (51.4) 2,503 (50.0) 1,177 (54.7) <0.001
>120min 3476 (48.6) 2,502 (50.0) 974 (45.3)
Preoperative Hb (median[IQR]) 126,00 129.00 11200 <0.001
laboratory tests 106.00,140.00] (114.00,142.00] 91.00,131.00)
WBC (median[IQR]) 6.77(5.23,957) 649 [5.11,8.89] 769 (5.70,11.14] <0.001
NLR (median[IQR]) 3,56 (2117561 3.03[1.93,6.09] 5.32(293,11.10] <0.001
BUN (median(IQR]) 5.20[4.10,6.70) 490 [3.90,6.00] 6.20[4.60,9.10] <0.001
CRE (median(IQR]) 70.00 [58.0086.00] | 68.00 (57.00,80.00] 8100 <0.001
[63.00,115.00]
GFR(median[IQR]) 9154 9414 7878 150.65,99.23] <0.001
[75.78,104.72] [82.54,106.29]
TBil (median[IQR]) 1170(845,0625] | 1170[8:70,15.95] | 11.70(7.80,17.20] 0487
ALB (median[IQR]) 4040 (35904370 | 4130 [377044.30] | 37.10 (32.58,41.40] <0.001
ALT (median[IQR]) 19.00 [13.00,31.00] 1900 [13.0030.00] | 19.00 [12.00,34.00] 0.653
LDH (median(IQR]) 176.00 169.00 20000 <0.001
[150.00,216.00] [146.00,200.00] [166.00,263.00]
ALP (median[IQR]) 77.00 [62.00,98.00] | 77.00 (62.00,95.00) 79.00 0.001
[62.00,104.00]
G (median[IQR]) 570 [4.93,7.31] 553 [4.87,6.90] 6.34[5.15,8.52] <0.001
Postoperative 1CU admission(n[%]) No 5057 (70.7) 3719(74.3) 1338 (62.2) <0.001
outcomes
Yes 2099 (29.3) 1,286 (25.7) 813(37.8)
MINS (n[%]) No 6,495 (91.0) 4,760 (95.4) 1735 (80.8) <0.001
Yes 644(9.0) 231(46) 413(192)
Length of hospital stay (median [IQR]) 12.00(8.00,2000] 1100 [8.00,18.00] | 15.00(9.00,25.00] <0.001
Death within 30 days (n[%]) No 6,157 (93.8) 4489 (96.5) 1,668 (87.1) <0.001
Yes 410(62) 162(3.5) 248(129)
Death within 90 days (n[%]) No 6,074 (925) 4460 95.9) 1614 (84.2) <0.001
Yes 493(7.5) 191 (4.1) 302 (15.8)
Death within 1 year (u[%]) No 6539 (929) 4767 (96.1) 1772 (85.2) <0.001
Yes 500(7.1) 192(39) 308 (14.8)
Death during follow-up (n[%]) No 6,067 (90.8) 4459 (949) 1,608 (80.9) <0.001
Yes 617(92) 238 (5.1) 379 (19.1)

BMI, Body mass index; ASA-PS, American Society of Anesthesiologists Physical Status; CC, Charlson Comorbidity Index; SORT, Surgical Outcome Risk Took RCRI, Revised Cardiac Risk
Index; Hb, Hemoglobin; WBC, White blood cells; NLR, Neutrophil to lymphocyte ratio; BUN, Blood urea nitrogen; CRE, Creatinine; eGFR, Estimated glomerular iltration rate; TBil, Total
bilirubin; ALB, Albumin; ALT, Alanine transaminase; LDH, Lactate dehydrogenase; AL, Alkaline phosphatase; G, Blood glucose.
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1D Study tal Interventi Adverse events
1 Qian et al. (43) 40 Dexmedetomidine 0.1 meg/kg | Four patients in DEX-PN group and three in CG bradycardia
LV. experienced bradycardia during operation. There was no
difference between groups.
2 Rodrigues et al. 197 Dexmedetomidine 50 mcg Four patients experienced transient paresthesias during transient paresthesias;
(25) PN., dexamethasone 4 mg block performance, one of whom had hoarseness and hoarseness; arm pain;
LV., dexmedetomidine 50 persistent distal surgical arm pain at 14 days but not 6 bradycardia
mcg + dexamethasone 4 mg months postoperatively. An additional two patients in
LV. DEX-PN group experienced bradycardia during block
performance.
3 Holland etal. (7) 209 Dexamethasone 4 mg or 8 mg Four patients in DXM-PN group and one patient in transient paresthesias;
LV. or $mg PN. high-dose DXM-IV group experienced transient pneumothorax; dyspnoea
paresthesias. The other patient experienced block-related
pneumothorax. One other patient in DXM-PN group
experienced dyspnoea.
4 Jung etal. (3) 47 Dexmedetomidine 2 meg/kg | One patient experienced moderate dyspnea that resolved dyspnea; hypoxemia
LV. 18 after ISB. Five patients in different groups experienced
hypoxemia.
5 Kataria et al. (28) 60 Dexmedetomidine 0.5 meg/kg | Horner's syndrome and hoarseness of voice were seen horner’s syndrome;
PN; dexamethasone 8 mg PN. among different the groups. hoarseness
6 Jadon et al. (30) 112 Dexamethasone 8 mg PN. Eleven patients in DXM-PN group and 15 in CG horner’s syndrome;
experienced horner’s syndrome. Ten patients in DXM-PN hoarseness; ipsilateral
group and 8 in CG experienced ipsilateral diaphragmatic diaphragmatic paresis
paresis. One patient in DXM-PN group and 2 in CG
experienced hoarseness of voice. There were no differences
in the incidence of horner’s syndrome, hoarseness, and
ipsilateral diaphragmatic after operation.
7 Desmet etal. (31) 144 Dexamethasone 10 mg L.V.; There were no differences in the incidence of hoarseness, hoarseness; dyspnoea;
dexamethasone 10 mg PN dyspnoca, or horner’s syndrome after operation. horner’s syndrome
8 Linetal. (34) 60 Dexamethasone 0.05 mg/kg Three patients in DXM-IV group experienced residual residual motor weakness;
LV, dexamethasone 0.1 motor weakness, 8 experienced horner’s syndrome and 2 hoarseness; horner's
mg/kgLV. experienced hoarseness of voice. One patient in CG syndrome
experienced residual motor weakness, 3 experienced horner's
syndrome in CG. There was no difference between groups
9 Chalifoux etal. 69 Dexamethasone 4mg L.V., A small proportion of patients experienced residual motor residual motor weakness
@7 dexamethasone 10 mg LV. weakness at 24 and 48 h after surgery. There was no
difference between groups
10 Chun etal. (45) 99 Dexamethasone 5mg LV., One patient in high dose-DXM-IV group and 2 patients in numbness
dexamethasone 5 mg PN. DXM-PN group experienced numbness at 24 h after surgery.
11 Woo, et al. (26) 72 Dexamethasone 5 mg PN. Three patients in DXM-PN group experienced arm numbness
numbness on the second day after surgery
12 Kawanishi et al. 34 Dexamethasone 4 mg PN., One patient in low dose-DXM-IV group experienced redness
) dexamethasone 4 mg L.V. redness at the injection site. This redness disappeared
gradually, and the patient required no further therapy.
13 Yang et al. (35) 87 Dexamethasone 0.05 mg/kg Three patients experienced nerve injury, but relevant details | nerve injury
or 0.1 mg/kg LV. were not covered. There was no difference between groups.
14 Woo etal. (32) 70 Dexamethasone 5 mg PN. During the first week postoperatively, 91.4% of patients in sleep disturbance
CG and 60% of patients in DXM-PN group experienced
sleep disturbance at least once.

CG, Control group; DXM, dexamethasone; DEX, dexmedetomidine; I.V., intravenous; PN, perineural.
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Anesthetic

Propofol

Esketamine

Ketamine

Sevoflurane

Isoflurane

Desflurane

Lidocaine

Anesthetic adminis-
tration

15mg/kg bolus followed by
1mg/kg/min, iv. with
cardiac surgery

2mg/kg bolus followed by
1.3mg/kg/min, iv. with
TBI

5 mg/kg, iv. with CFA

20mg/kg repeated for 2, 4,
6 times, i.p.

50,75,100,150 mg/kg, i.p.

15 mg/kg for 4 h, ig.

200mg/kg daily for 6 days,
ip.

5mg/kg, i.p. after
laparotomy

10, 90 mg/kg, i.p. after LPS
injection

10mg/kg, i.p. after
laparotomy

10 mg/kg, i.p. before LPS
injection

20 mg/kg, ip.

10, 20, 40, 80 mg/kg, single
or six times, i.p.; 30, 60
mg/kg, daily for 6 months,
ip.

3% for 2h

2% for 5h

3% for 6 h

3% for 50min with
laparotomy

2% for 5h

39% for 2h daily for 3 days

3.6% for 6 h

2.5% for 1 h daily for 5
days prior to the MCAO

29 for 1 h prior to the LPS
injection

29 for 15min prior to the
MCAO

2.5% for 4h

1.5% for 2 h

0.75% for 6h

1.3% for 6h

1.5% for 4 h

2% for 30min prior to the
MCAO

1.1% or 2.2% for 30min
prior to the MCAO

29 for 30min prior to the
MCAO

2% for 30min prior to the
EMP exposure

6% or 12% for 30min prior
to the MCAO

9% for 2 h daily for 3 days

1.5mg/kg and maintained
with 2 mg/kg/h for 2h, iv.
during isoflurane
anesthesia

25mgkg, iv. after
resiniferatoxin injection

100, 200, and 400 ug/10 UL
daily for 7 days, i.t. with
morphine

1%, 50ul for 1min, it. after
CCI

20-month-old
male rats

Adult male rats

4-week-old male
mice

P7 male rats

P7 rats

Adult male rats

18-20 months old
male rats

7-week-old male
mice

9 and 11 weeks
old male mice

2-month-old
male/female and
16-month-old
male mice

8-10 weeks old
male mice

P7 male and
female rats

2 and 3 months
old male mice

P7 male and
femal mice

20-month-old
male rats

16-month-old
male mice

4-month-old
female mice

18-20 months old
male rats

P6 and P60 male
and femal mice

2-3 and 18-20
months old rats

8 and 10 weeks
old male mice

Adult male mice
and rats

Rats

P7 male and
female mice

6-8 and 14
months old male

mice

P7 rats

8-week-old male
mice

P7 male and
female mice

Adult male rats

2-month-old male
rats

Adult male rats

6-week-old male
rats

2-month-old male
rats

P6 and P60 male
and femal mice

18-month-old
male rats

6-8 weeks old
male rats

Adult male mice

8-10 weeks old
male rats

Inflammatory
model

Cardiac surgery
under propofol or
isoflurane
anesthesia

TBI under
propofol or
isoflurane
anesthesia

CFA injection

Propofol
anesthesia

Propofol
anesthesia

Propofol
anesthesia

Propofol
anesthesia

laparotomy under
22,2-
tribromoethanol
anesthesia

LPS injection

laparotomy under
isoflurane
anesthesia

LPS injection

Ketamine
anesthesia

Ketamine
anesthesia

Sevoflurane
anesthesia

Sevoflurane
anesthesia

Sevoflurane
anesthesia

laparotomy under
sevoflurane
anesthesia

Sevoflurane
anesthesia

Sevoflurane
anesthesia

Sevoflurane
anesthesia

MCAO under
sevoflurane
anesthesia

LPS injection

MCAO under
chloral hydrate
anesthesia

Sevoflurane
anesthesia

Isoflurane
anesthesia

Isoflurane
anesthesia

Isoflurane
anesthesia

Isoflurane
anesthesia

MCAO under
chloral hydrate
anesthesia

MCAO under
isoflurane
anesthesia

MCAO under
isoflurane
anesthesia

EMP exposure

MCAO under
desflurane
anesthesia

Desflurane
anesthesia

Isoflurane
anesthesia

Resiniferatoxin
injection

Morphine
injection

CCI surgery

Cellular/Molecular
findings

| microglial activation/
miR-223-3p, | TNF-0,, |
IL-1B, L6

1 microglial activation, |
neural cell loss

| microglial activation/
Iphosphorylated (p)-
ERK1/2, | NF-kB p65

Tmicroglial activation/
fcaspase-1, 1IL-1b

Tmicroglial activation/}
TrkB, | PI3K, | Akt, |
CREB

| BDNE, 1TNF-0, {IL-
1B, 11L-6

1p-NF-KB p65, {NLRP3,
fcaspase-1, 1 TNF-0,,
IL-1BIL-6

Imicroglial activation/|
NE-kB p65, | TNF-0, |
IL-6

| microglial activation/}
IL-1 0, | IL-6

TmBDNF, 1pTrkB

1 M polarization, TM2
polarization/} HMGBI,
| RAGE

fhippocampal
pyroptosis/TNLRP3,
teaspase-1, 11L-1B, 11L-
18

1IL-6, 11L-1B

Tmicroglial activation,
1M1 polarization/{TL-6,
1TNF-0, 1NF-kB

microglial activation/
11L-6, 1 TNF-0, 11L-1p,
Tp-NF-xB p65

1 microglial activation/
NLRP3

Tmicroglial activation/
TNLRP3, fcaspase-1,
11IL-1B, 11L-18

M1 polarization, | M2
polarization

1 microglial activation

NE-kB p65, 1 TNF-0,
1IL-1B, 11L-6

M2 polarization
1p-GSK-3p, INrf2

| microglial activation/|
IL-6, |IL-1B, |TNF-o.

ITLR4, |NF-kB p65

fneuronal apoptosis/
SIL-1B, <116, <
TNF-o.

1 microglial activation/
1IL-1B, TIL-18,
fcaspase-1 P20

1 microglial activation,
TMI polarization/
1TLR4, 1 MyD88, 1p-
NE-xB

1 microglial activation,
M1 polarization/
1CD68, 1iNOS

Tneuronal apoptosis/
TIL-1B, 11L-6, T TNF-0.

Imicroglial activation/
ITLR4,|MyD88, 11kB-0.

Ineuronal apoptosis/
1Bdl-2

Ineuronal apoptosis/1p-
MAPK P38

Tanti-inflammatory
microglia polarization/
11KB-0t, | TNF-a1, |1L-
1B, IL-6

Bdl-2

<TNF-0, <IL-6

Ihippocampal cell
apoptosis/< IL-1B,
<TNF-0.

Imicroglial activation

Imicroglial activation/
1p-MAPK P38 and
INF-kB

M1 polarization, M2
polarization

Signaling
pathways

none

none

MAPK ERK1/2/
NF-kB pathway

NLRP3
inflammasome
related pathway

BDNF/TrkB/
PI3K/Akt
pathway

BDNF related
pathway

NF-kB pathway
and NLRP3
inflammasome
pathway

BDNF/TrkB/NF-
KB pathway

none

BDNF/TrkB
pathway

HMGBI/RAGE
pathway

NLRP3
inflammasome
pathway

none

NF-kB pathway

NE-kB pathway

NLRP3
inflammasome
pathway

NLRP3
inflammasome
pathway

none

none

NE-kB pathway

GSK-3B/Ntf2
pathway

none

TLR4/NF-xB
pathway

none

NLRP3
inflammasome
pathway

TLR4/NF-xB
pathway

none

none

TLR4/NF-kB
pathway

none

MAPK P38
pathway

NEF-kB pathway

none

none

none

none

TLR4/NF-kB
pathway and
MAPK P38
pathway

none

Behavioral
findings

Improving spatial
learning and
memory

Improving
reference memory,
spatial learning and
memory

Reducing pain
hypersensitivity

Enhancing
locomotoractivity

No deficits in
Morris water maze
test

Impairing spatial
learning and
memory

Impairing spatial
learning and
memory

Improving
depression-like
behavior

Improving anxiety-
like behavior

Improving
depression-like
behaviors

Improving
depression-like
behaviors

Impairing spatial
learning and
memory

Inducing spatial
memory deficits

Impairing spatial
learning and
memory

Impairing spatial
learning and
memory

Impairing spatial
learning and
memory

Inducing memory
decline

Impairing spatial
working memory

Impairing spatial
learning and
memory

Impairing age-
related spatial
learning and
memory

improving
behaviors in
neurobehavioral
test

Improving
neurocognitive

outcomes

none

none

Inducing age-
related cognitive
decline

none

Inducing cognitive
decline

none

Inproving
neurological deficits

Inproving
neurological deficits

Inproving
neurological deficits

none

No improvement in
neurological
outcome

No spatial memory
impairment

Improving
hippocampus-
dependent learning
and memory.

No effects on
depression-like
behaviors

none

Reducing
neuropathic pain

(14)

17)

(80)
(13)
(19)
(81)

(82)

(83)

(15)

(86)

(87)

(88)
(89)
(90)

o1

(18)

(54)

a2,
94)

(95)
(96)

97)

(98)

(99)

(96)

(100)
(101)
(102)

(103)

(101)
93)
(104, ‘
105)

(106)

(107)

(16)

1, promoting effect; |, inhibiting effect; <, no effect; i.v., intravenous; i.g. intragastric; i.p., intraperitoneal; i.t,, intrathecal; TBI, traumatic brain injury; CFA, complete freund’s adjuvant; LPS,
lipopolysaccharide; MCAO, middle cerebral artery occlusion; EMP, electromagnetic pulse; CCI, chronic constriction injury; TNF-ct, tumor necrosis factor- alpha; IL, interleukin; ERK, extracellular
signal-regulated kinase; NE-KB, nuclear factor kappa B; TrkB, tropomyosin receptor kinase B; PI3K, Phosphatidylinositol 3-kinase; Akt, protein kinase B; CREB, cAMP-response element binding
protein; BDNF, brain-derived neurotrophic factor; NLRP3, nod-like receptor protein 3; HMGBI, high mobility group box 1; RAGE, receptor for advanced glycation end products; GSK-3p, Glycogen
synthase kinase-3 beta; Nf2, nuclear factor erythroid 2-related factor 2; TLR4, toll-like receptor 4; iNOS, Inducible nitric oxide synthase; MAPK, mitogen-activated protein kinase.
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Variables

Own devices

Do not own

(n = 274) devices
(n=138)

Sex
Male 115 (42.0%) 80 (58.0%)
Female 159 (58.0%) 58 (42.0%)
Education level
Bachelor degree 34 (12.4%) 89 (64.5%)
Master degree 157 (57.3%) 42 (30.4%)
Doctoral degree 83 (30.3%) 7 (5.1%)
Hospital levels
Tertiary hospital 269 (98.2%) 93 (67.4%)
Primary hospital 5(1.8%) 45 (32.6%)
Type of hospital
General hospital 268 (97.8%) 117 (84.8%)
Specialized hospital 6(2.2%) 21 (15.2%)
Years of working as anesthesiologists
<5 years 77 (28.1%) 21 (15.2%)
6-10 years 79 (28.8%) 29 (21.0%)
11-20 years 62 (22.6%) 40 (29.0%)
>20 years 56 (20.4%) 48 (34.8%)
Professional title
Junior 47 (17.2%) 18 (13.0%)
Intermediate 116 (42.3%) 52 (37.7%)
Deputy senior 63 (23.0%) 42 (30.4%)
Senior 37 (13.5%) 23 (16.7%)
Others 11 (4.0%) 3(22%)
Number of geriatric anesthesia per year
<200 124 (45.3%) 84 (60.9%)
>200 150 (54.7%) 54 (39.1%)
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ociodemographic Frequency (%)

Total sample 447 (100%)
Sex

Male 210 (47.0%)
Female 237 (53.0%)

Education level

Bachelor degree 133 (29.8%)
Master degree 217 (48.5%)
Doctoral degree 97 (21.7%)

Level of hospital®

Tertiary 393 (87.9%)
Secondary 54 (12.1%)
Type of hospital

General hospital 419 (93.7%)
Specialized hospital 28 (6.3%)

Years of working as anesthesiologists

< 5years 106 (23.7%)
6-10 years 117 (26.2%)
11-20 years 111 (24.8%)
> 20 years 113 (25.3%)

Professional title

Junior 70 (15.7%)
Intermediate 183 (40.9%)
Deputy senior 118 (26.4%)
Senior 61 (13.6%)
Others 15 (3.4%)

Own cerebral oximetry

Yes 301 (67.3%)

No 146 (32.7%)

%a tertiary hospital is a comprehensive, referral, general hospitals at the city, provincial or
national level with a bed capacity exceeding 500. A secondary hospital is one that tend to be
affiliated with a medium size city, county or district and contain >100 beds, but <500.
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Source

ROIL
Group
Time
Group#time
Residual
Total

ROI2
Group
Time
Group#time
Residual
Total

ROI3
Group
Time
Groupttime
Residual
Total

ROL4
Group
Time
Group#time
Residual

Total

Partial

SS

569.23

520,083
27.188
21958

2163.25

2732479
3306.5

2282.521

640.792
383.188
7871167
11177.67
4545.25
3485.021
413.667
646,563
10703.75
15,249
128813
108
15,854
4.958
1063.167

1191979

184

191

184

191

184

191

184

191

81318

520,083

9.063

7319

11757

14306

472,357

2

521

213597

127.729

42778

58522

649.321

3485.021

137889

215521

58173

79.838

18.402

108

5285

1653

5778

6241

692

4424

0.62

1104

53.36

499

299

1116

59.91

37

318

1869

091

029

<0.001

<0.001

0512

0.601

<0.001

<0.001

0.002

00325

<0.001

<0.001

0.072

0.013

0.003

<0.001

0435

0.835

df, degree of freedom; MS, sum of squares; F F value. p<0.05 was considered statistically
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p-value

Comparison between Compared with T1

groups
T1 T2 T3 T4 T2 T3 T4

A 133230 31846 | 144234 153833 14823 0116 | <0.0001 | <0.0001  <0.0001 0343 | 0156 0479
ROLL (%) B 128535 113529 | 110s23* | 1L533% | 112830 0709 0823 0962
A M4E56 492675 492556 49365 476561 | 0335 <0001 | <00001  <0.0001 0816 | 0825 0474
ROI2 (%) B 426568 | 469880 | 4132574 395:63% | 387246 0008 0001 <0.0001
A 33469 3274107 | 309861 | 302472 327555 | 0448 <0001 | <00001 <0001 053 | 0405 0920
ROI3 (%) B 3504106 | 35095% | 4004624 421472% | 435164%" 0043 0007 0001
A 94x39 58421 58516 50422 | 0024 0014 | 0002 | 0004 064 | 0695 | 0392
ROL4 (%) B 85:18 67428% | 76+29% | 70420° | 69+21% 0281 0529 0733
A - - - - - - - - - - - -
PEEP (cmH.0) | B - 03415 | 102616 101418 97+21 - - - = = . .
A 36510 24408 24508 25408 2708 | 0881 0350 | 0395 | 084 09999 0848 0933
CI (min-m?) B 31209 23406 28106 27808 | 28+08° 002 0050 0030
A 10718200 1023261 | 10532220 1007224 999255 | 0025 0002 | 0006 | 0004 | 0668 | 0831 0760
MAP(mmHg) | B 992108 | 8867+106* | 8788+110%  8508127%  §2335112% 0805 | 0306 | 0055
A 90+27 97430 94543 94545 | 8037 0431 0319 | 0609 | 0488 | 018 | 0048 0030
SVV (%) B 90:27 97430 94543 94445 80437 0820 | 0824 0107
A 144688 | 23964832 | 22228533 | 2126492 22885674 | 0505 0890 | 0089 | 0993 | 0404 | 0188 0237
PO.(mmHg) | B 12368689 22668400 | 22414387 23304269 | 2290+268 0831 052 0817

PCO(mmHg) A 42843 40048 | 381243 380+40 | 39040 | 0585 0048 | 0005 0068 0153 014 0384

B 406%47 | 394543 410450% 418246 413245 0252 007 0442
Cdyn(mlfem | A - 5208130 | 465134 46649 4594810 | 0844 | 0954 | 0286 0383 0278 | 0025 0029
H0) B - 5094141 | 462+117 | 5182113 | 505+126 0221 0809 | 0908
Pus(emH,0) | A - 177426 | 170835 193%1 18617° | 0004 0001 | 0057 | 0067 035 | 0004 0009

B - 219831% | 220428% | 219432 | 212:34 0886 | 0999 0460
Pu(emHO) A - 148417 | 158220 1531 0037 | 07 | 0121 0216 0045 | 0001 | 0000

B - 1774300 | 179433 177434 0860 | 509999 0500
Pa(emH,0) | A - 86+05 83507 84509" 0000 | 0007 | 0007 | 0029 0109 0010 0004

B - 1820° | 115:25% | 1527% | 113428 0666 0719 | 0446
“The driving A 87424 10122 111222 11523 <0854 0149 0008 | 0001 | 0045 0001 | 0.001
pressure (cm B 85435 8740 85+40 79442 0883 50999 | 0587

H.0)

i of interest; PEEP, positive end-expiratory pressure; CI, cardiac index; SV Stroke volume variability; Cdyn, dynamic lung compliance; P, peak airway pressure; Py, airway
plateau pressure; P,...,, mean airway pressure. p <0.05 compared with T1, *p <0.05 compared with two groups of AB.
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Excluded (n=6)
Non-continuous
EEG(n=3)

* Not enough EEG
electrodes(n=3)

Patents assessed for eligibility
2022.01-2022.09 (n=81)

post cardiac surgical post non-cardiac

group (n=30) surgical group (n=22)
Delirium (n=14) Delirium (n=1)
Non-delirium (n=10) Non-delirium (n=21)

Available cEEG data (n=46)

Analyzed in EEGLAB to
identify GEEG features

Excluded (n=29)
History of neurologic
disease (n=6)

« History of psychiatric
disease (n=2)

* Hypoxia (n=7)

+ chronic therapy with
antipsychotics and/or
benzodiazepines(n=5)

* No EEG for practical
reasons (n=7)
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Control group Sepsis group (Sepsist+echinomycin) group Sham group
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Assessed for eligibility(n=52)|

Excluded (n=4)

a. Ask about a history of pulmonary
bullae (n=2)

b. Atelectasis (n=1)

¢. Patient refused surgery (n=1)

Randomized(n=48)

[

[ 1
Group A (control group) Group B (EIT testing group)
received allocated intervention(n=24) received allocated intervention(n=24)
Surgery under a protective ventilation Surgery with EIT-guided optimal PEEP
strategy (n=24) values (n=24)
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Risk score = (0.0033 xoperation time)
+(0.0048x postoperative TBIL)
+ (~0.0105% postoperative ALB)
+ (0.01x postoperative N%)
+ (—0.0187x postoperative Hb)
+(0.299 % preoperative INR)
+(0.664x postoperative INR)
+[0.128x Hypertension (Yes represents 1 and
No represents 0)] + [0.418 x portal hypertension

(Yes represents 1 and No represents 0)].
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Model AUC (95% ClI) p-Value for AUC Rl (95% Cl) alue for NRI IDI (95% Cl)  p-Value for IDI
0.803
WCCs-MIMIC model 079 0927)
0.250
0742 0.316 0.047
BEDIMs MIMIC model (0.597-0.887) (~0.612 to 0.457) 0.030 (0.006-0.088) 0.025

p-Value in bold indicates that p-value is less than 0.05.
MIMIC-1V database, the Medical Information Mart for Intensive Care IV database; AUC, area under the curve; WCCs, white cell counts; BCDIMs, blood count-derived inflammatory markers;
NRI, net reclassification index; IDI, integrated discrimination improvement; CI, confidence interval.
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B fol

Age 0.044 1.045
Gender (male) -0.071 0.932
BMI 0.082 1.085
MLR 3.158 23.522

p-Value in bold indicates that p-value is less than 0.05.
AKI, acute kidney injury; BCDIMs, blood count-derived inflammatory markers; BMI, body mass index; MLR, monocyte-lymphocyte ratio.

95% Cl
0.979-1.115
0.174-4.977
0.964-1222

1.509-366.644

0.185

0934

0.178

0.024
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Butorphanol group (1 = 296)

Primary outcome

Incidence of EA 5 min after extubation
Secondary outcomes

Ramsay score after using butorphanol >3
NRS > 5

Radial artery catheter placed

5 min after extubation

15 min after arrival at PACU
Intravenously injecting propofol pain
Coughing with sufentanil injection

Rescue sufentanil use

NRS, numerical rating scale. Data are presented as mean == SD.

29 (9.8%)

101 (34.1%)

5 (1.7%)
18 (6.1%)
23 (7.8%)
112 (37.8%)
3 (1%)
14 (4.7%)

Control group (1 = 306)

75 (24.5%)
22(7.1%)

44 (14.4%)
54 (17.7%)
56 (18.3%)
199 (65%)
35 (11.4%)
23 (7.5%)

0.0001

0.0001

0.0001
0.03
0.03

0.001

0.0001

0.042

OR (95% CI)

2.98 (1.88-4.75)

6.69 (4.07-10.98)

0.1 (0.04-0.26)
3.31(1.89-5.79)
2.54 (1.51-4.27)
3.06 (2.19-4.26)

12.61 (3.84-41.49)

1.64 (0.83-3.25)
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Group A Group B tvalue Chi-square value

Age 5774107 5424113 1093
Man 9 14 2087 0.149
Sex Woman 15 10
BMI 20432 22430 0.185 0.664
1 0 1 3.276 0.194
1 21 16
ASA ] 3 7
ARISCAT scores 476453 48057 0.229 0820
Operation time (min) 622341333 620.0+210.0 0.045 0.964
Anesthesia time (min) 723841246 710042217 0.262 0795
Crystal liquid (mL) 6489.6+2360.2 6750.0+ 28304 0339 0736
Colloidal liquid (mL) 1215.9£609.0 11543£860.2 0.271 0.789
Plasma (mL) 771762288 776742687 0.068 0.946
Blood (mL) 8875274404 620843797 1531 1326
RBC (U) 488+288 3419 1.884 0.067
NE (mg) 7413851993 862543634 02436 0.8097
Urine (mL) 2727.1£1387.5 225012799 1212 0.2371
Total input (mL) 87538426373 9541743755 0.824 0415
Total output (mL.) 4035.4£22725 29435£1164.1 1833 0.074

t-test was used for age and BMI, and chi-square test was used for gender. Data are shown as mean & standard deviation. *p<0.05 indicates a statistically significant difference. BMI, body mass
index; NE, infusion of vasoactive drugs.
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Risk score = (0.006 x operation time)
+(0.001x postoperative AST)

+(—0.031x postoperative Hb)
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668 patients screened for eligibility

48 Excluded
15 Declined to participate
15 Surgery was canceled
18 Contradictions for nerve block

620 Randomized

306 Randomized to receive 314 Randomized to receive
butorphanol l?efore GA saline before GA induction
induction
v \ 4
10 Excluded 8 Excluded

2 Lost to follow-up
8 Conversion to
thoracotomy

8 Conversion to
thoracotomy

v \ 4

296 included for analysis 306 included for analysis
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Sex

Male

Female

Age (year)
Bodyweight (kg)
Height (cm)
BMI (kg/m?)
ASA grade

I

11

111

Duration of surgery (min)

Butorphanol
group (n = 296)

127 (42.9%)
169 (57.1%)
54.15 + 8.171
65.80 == 10.209
165.05 4 7.823
24.08 £ 2.683
296 (100%)
27 (9.1%)
260 (87.8%)
9 (3.0%)
133.88 4 103.92

Control group
(n=306)

122 (39.9%)
184 (60.1%)
5370 + 8.816
64.42 + 9.437
164.86 + 7.275
23.62 % 2.641
306 (100%)
17 (5.6%)
276 (90.2)
13 (4.2%)
127.74 + 96.954

BMI, body mass index; ASA, American Society of Anesthesiologists. Data are presented

as mean =+ SD or number (%).
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Duration of

anesthesia (h)
Intraoperative drugs
Propofol (mg)
Sufentanil (jug)
Cis-atracuridinium
(mg)

Remifentanil (mg)
Sevoflurane (ml)
SBP (mmHg)

DBP (mmHg)
Type of surgery
Lobectomy

Segmentectomy

Butorphanol
group (n =296)

2.23;:£1.73

123.74 & 29.02
27.56 & 17.80
20:37:7.12

1.64 £+ 129
27.73 £ 1545
134.07 + 16.18
80.17 £ 10.65

143 (51.3%)
153 (47.4%)

Control group
(n=306)

2.13+1.62

117.15 4+ 34.71
26.56 £ 6.35
20.11 + 8.64

1.53 + 1.08
26.74 + 18.38
131.72 £ 16.12
79.99 &+ 10.24

136 (48.7%)
170 (52.6%)

P

0.453

0.068
0.357
0.686

0.368

0.478

0.074
0.83

SBP, systolic blood pressure; DBP, diastolic blood pressure. Data are presented as

mean + SD or number (%).
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