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Abstract

:

Background: Montelukast (MTK), a potent antagonist of cysteinyl leukotriene receptor 1, has shown therapeutic promise for the treatment of neuropsychiatric disorders. Delirium, a common complication in critically ill patients, lacks effective treatment. This study aims to explore the impact of pre-intensive care unit (ICU) MTK use on in-hospital delirium incidence and, subsequent, prognosis in critically ill patients. Methods: A retrospective cohort study (n = 6344) was conducted using the MIMIC-IV database. After propensity score matching, logistic/Cox regression, E-value sensitivity analysis, and causal mediation analysis were performed to assess associations between pre-ICU MTK exposure and delirium and prognosis in critically ill patients. Results: Pre-ICU MTK use was significantly associated with reduced in-hospital delirium (OR: 0.705; 95% CI 0.497–0.999; p = 0.049) and 90-day mortality (OR: 0.554; 95% CI 0.366–0.840; p = 0.005). The association was more significant in patients without myocardial infarction (OR: 0.856; 95% CI 0.383–0.896; p = 0.014) and could be increased by extending the duration of use. Causal mediation analysis showed that the reduction in delirium partially mediated the association between MTK and 90-day mortality (ACME: −0.053; 95% CI −0.0142 to 0.0002; p = 0.020). Conclusions: In critically ill patients, MTK has shown promising therapeutic benefits by reducing the incidence of delirium and 90-day mortality. This study highlights the potential of MTK, beyond its traditional use in respiratory disease, and may contribute to the development of novel therapeutic strategies for delirium.
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1. Introduction


Delirium is a common complication in critically ill patients, primarily characterized by attention disturbances, alterations in consciousness level, and changes in cognitive function [1]. Its occurrence rate varies from 18% to 70.4% among different types of ICU hospitalized patients [2,3,4]. Delirium often involves suffering for both patients and their families and is associated with increased mortality and poor long-term prognosis during hospitalization [5,6,7]. Regrettably, the exact pathological, physiological, and physiological mechanisms of delirium remain unclear, and effective targeted treatments or medications have not yet been identified [8]. Recent research has identified a number of triggers for delirium, including inflammation, oxidative stress, and exposure to centrally acting drugs.



Montelukast (MTK), a potent antagonist of cysteinyl leukotriene receptor 1 (CysLTR1), is widely used to treat asthma and allergic rhinitis. The systemic anti-inflammatory effects of MTK have long been of interest. Studies have found that MTK’s anti-inflammatory and antioxidant properties improve brain dysfunction and defects, and enhance the survival of neurons under oxidative conditions [9,10,11]. Research to date has shown that MTK may provide neuroprotection to alleviate central system disorders, such as Parkinson’s disease, Alzheimer’s disease, and epilepsy [12]. Therefore, pharmacologically, MTK has potential protective effects against delirium.



Worryingly, however, MTK has been reported to be associated with an increased risk of neuropsychiatric events (NAEs), which include symptoms such as insomnia, irritability, generalized anxiety, aggression, hallucinations, and hyperactivity, primarily observed in children [13,14]. Nonetheless, findings from the FDA’s sentinel study did not demonstrate an elevated risk of NAEs with MTK when compared to inhaled corticosteroids in patients aged 6 years and older, as well as in patients with a history of psychiatric disorders [15]. In addition, other well-designed retrospective studies have also failed to find this association [13,16,17]. These findings suggest that an increased risk of NAEs associated with MTK use is still a matter of debate and requires further investigation.



Therefore, we cannot solely rely on the available studies to determine the effect of MTK on the neuropsychiatric status of critically ill patients. The purpose of this study is to contribute to this ongoing discussion by exploring the potential role of MTK in critically ill patients. Specifically, we aim to investigate the association between pre-ICU MTK exposure and the incidence of delirium, as well as other outcomes, through a retrospective cohort study. By examining this association, we hope to gain valuable insights into the potential impact of MTK on the neuropsychiatric status and overall outcomes of critically ill patients. The knowledge gained from this study will not only contribute to our understanding of the effects of MTK, but will also provide important information in the search for therapeutic agents for delirium in critically ill patients.




2. Results


2.1. Baseline Information and Clinical Outcomes


A total of 6344 asthma patients admitted to ICU were included in this study, out of which 444 individuals were exposed to MTK prior to being admitted to ICU (as depicted in Figure 1). The baseline information can be found in Table 1. Overall, the asthmatic patients exposed to MTK prior to ICU admission were significantly older and heavier than the control group (exposure: median age 66.1 years, weight 85.3 kg vs. control: median age 63.5 years, weight 81.6 kg; p = 0.012, 0.015, respectively). The exposed group exhibited a greater proportion of females and white individuals (exposure: females 65.3%, white 69.8% vs. control: females 56.7%, white 64.1%; p < 0.001, p = 0.017, respectively). Furthermore, a greater proportion of patients in the exposed group were enrolled in Medicare compared with other insurance plans (exposure 50.0% vs. control 41.7%, p = 0.003). In addition, patients in the exposed group had higher rates of myocardial infarction and congestive heart failure, but the difference between the two groups was not significant. Moreover, patients in the exposed group had a lower severity of illness on the first day of ICU admission, as indicated by various illness scores, including CCI, SAPS II, APS III, and SOFA.



As shown in Table 1, there were no significant differences between the exposed group and the control group in regard to all the variables after PSM. The results revealed that pre-ICU exposure to MTK was significantly associated with a lower incidence of delirium during hospitalization (odds ratio (OR) after matching: 0.705; 95% CI 0.497–0.999; p = 0.049) and a lower 90-day mortality (OR: 0.554; 95% CI 0.366–0.840; p = 0.005). However, no significant association was observed between pre-ICU MTK exposure and mortality during hospitalization (OR: 1.087; 95% CI 0.607–1.946; p = 0.779).




2.2. Subgroup Analyses


The effect of pre-ICU exposure on delirium demonstrated variation between the different subgroups (Figure 2A). The association was more significant in these patients: age ≤66 years (OR: 0.466; 95% CI 0.268–0.811; p = 0.006), females (OR: 0.636; 95% CI 0.411–0.985; p = 0.042), those not experiencing myocardial infarction (OR: 0.579; 95% CI 0.392–0.855; p = 0.006), those without diabetes (OR: 0.550; 95% CI 0.349–0.867; p = 0.009), CCI ≤ 3 (OR: 0.353; 95% CI 0.156–0.798; p = 0.010), and SAPS II scores of 24–39 (OR: 0.480; 95% CI 0.282–0.816; p = 0.006).



The effect of pre-ICU exposure on the 90-day mortality was more significant in patients who were female (OR: 0.560; 95% CI 0.344–0.912; p = 0.019), those not experiencing myocardial infarction (OR: 0.569; 95% CI 0.351–0.920; p = 0.020), and those with SAPS II scores of 24–39 (OR: 0.405; 95% CI 0.206–0.797; p = 0.007). Nevertheless, the notable aspect is that the association was more significant in patients aged > 66 years (OR: 0.476; 95% CI 0.286–0.794; p = 0.004). Furthermore, diabetes did not affect the association between pre-ICU exposure and the 90-day mortality.




2.3. Interaction Effects and Regression Models


Seven covariates, namely the type of ICU, SAPS II, SOFA, cerebrovascular disease, dementia, severe liver disease, and diabetes, which significantly affected the incidence of delirium were screened out by the forward stepwise selection method. We tested the significance of the interactions by introducing pre-ICU MTK exposure, possible interaction factors, and their interaction terms into the logistic regression model, along with the seven covariates. If the p-value for the interaction (shown in Figure 2) is less than 0.05, it indicated that the association between MTK exposure and delirium was significantly different across various strata of the variables examined. Ultimately, we found that myocardial infarction significantly attenuated the positive effect of MTK on delirium (the p-value for the interaction was 0.014).



Subsequently, a logistic regression model was developed to account for the impact of pre-ICU MTK exposure on delirium incidence, including the interaction term of pre-ICU MTK exposure and myocardial infarction. As shown in Table 2, for patients without myocardial infarction, the adjusted OR of the MTK exposure was 0.586 (95% CI: 0.383–0.896; p = 0.014), indicating that MTK had a significant positive effect on this subgroup. However, for patients with myocardial infarction, the adjusted OR of pre-ICU MTK exposure was 1.795 (95% CI 0.743–5.402), indicating that the association was not significant. The results from the regression model aligned with the results obtained from the subgroup analysis (shown in Figure 2A).



Interactions were also examined for the relationship between MTK exposure and 90-day mortality, and all p-values for the interaction were greater than 0.05 (Figure 2B). A Cox regression model was then developed to account for the relationship between pre-ICU MTK exposure and 90-day mortality, and the forward stepwise selection method was used to screen for covariates that significantly affected the 90-day mortality. The developed Cox regression model included the following variables: weight, CCI, APS III, LODS, cerebrovascular disease, paraplegia, severe liver disease, metastatic solid tumor, hemoglobin, hematocrit, platelet, blood urea nitrogen, and sodium. The adjusted HR of pre-ICU MTK exposure was 0.496 (CI 0.331–0.742, p < 0.001).




2.4. Further Analyses


As shown in Figure 3, the E-value for the point estimates regarding the association between pre-ICU MTK exposure and delirium incidence in patients without myocardial infarction was 1.94 (for 95% CI lower: 1.30). For the association between pre-ICU MTK exposure and 90-day mortality, the E-value for the point estimate was 3.45 (95% CI lower: 2.03).



Causal mediation analysis demonstrated that the reduction in delirium by MTK partially mediated the reduction in 90-day mortality (ACME: −0.053; 95% CI −0.0142, −0.0002; p = 0.020; shown in Table 3).



As shown in Figure 2 and Table S2, the long-term MTK subgroup showed a greater positive effect on delirium. However, the positive effect of MTK on 90-day mortality was not influenced by the duration of the pretreatment.





3. Discussion


The present study investigated for the first time the effect of MTK on the occurrence of delirium and in critically ill patients. In this retrospective cohort of critically ill patients with asthma, pre-ICU MTK exposure was found to be associated with reduced in-hospital delirium and 90-day mortality in both the original and matched cohorts. After subgroup analysis, we examined the interaction using regression models and found that the beneficial effect of MTK on delirium was more pronounced in patients without myocardial infarction and that the effect could be enhanced by the long-term use of MTK. Our causal mediation analysis demonstrated that the reduction in delirium by MTK partially mediated the reduction in the 90-day mortality.



How might pre-ICU MTK exposure contribute to improved outcomes in critically ill patients? One possible hypothesis is that younger individuals, or those with fewer comorbidities and milder disease states, may show a preference for MTK, resulting in improved outcomes independent of MTK exposure. But, after PSM, the exposed and control groups were similar in terms of demographic characteristics, overall comorbidities, and disease severity at admission (as shown in Table 1), and the comparison of the outcomes still showed a significant association between MTK and reduced delirium incidence and 90-day mortality. Furthermore, the same conclusions were obtained after adjusting for comorbidity and disease severity using logistic and Cox regression models. Therefore, we can reject the hypothesis that the positive effect of MTK derives from the influence of bias and, instead, propose that MTK does reduce delirium incidence and mortality in critically ill patients through a number of possible pharmacological mechanisms.



Delirium is a severe neuropsychiatric syndrome characterized by the acute onset of deficits in attention and other aspects of cognition; the pathogenesis of delirium is thought to involve neurobiological processes, such as neuroinflammation, cerebrovascular dysfunction, and impaired neural network connectivity [1]. Neuroinflammation is widely recognized as a causative factor of delirium [18]. Animal model studies have investigated the potential mechanisms by which inflammation disrupts brain function. Acute stressors, such as inflammatory trauma, surgery, infection, and sepsis, activate macrophages in tissues and monocytes in the blood, or interact directly with the cerebral vasculature to stimulate the secretion of IL-1, IL-1β, IL-6, the tumor necrosis factor (TNF), and prostaglandin E2 (PGE2) by brain endothelial and perivascular macrophages [19]. These inflammatory mediators are secreted across the blood–brain barrier or directly into the brain parenchyma via perivascular macrophages, inducing the brain to trigger microglia to produce pro-inflammatory cytokines, such as IL-1β, reactive oxygen species (ROS) [20], and reactive oxygen nitrogen species. This can directly affect astrocytes and neurons, leading to neuronal dysfunction and, even, neural network damage [21]. The stress overlay also causes damage to the vascular system, leading to endothelial and blood–brain barrier (BBB) damage [22].



Leukotrienes (LTs) are lipid mediators crucial in the pathophysiology of inflammation, which play a significant role in neuroinflammation. In the brain, cysteinyl leukotriene receptors (CysLTRs), such as CysLTR1 and GPR17, are expressed on microglial cells, neurons, stem cells, and precursor cells. LTs, through the activation of central LT receptors (CysLT1R, CysLT2R, GPR17), signal for pro-inflammatory responses, leading to the production of pro-inflammatory cytokines and reactive oxygen species (ROS). This cascade induces neuroinflammation, blood–brain barrier (BBB) disruption, enhances neurodegeneration, and inhibits neurogenesis [23]. Montelukast (MTK) can penetrate the BBB and, upon binding to central CysTL1R, inhibits leukotriene signaling, thereby reducing neuroinflammation and aiding in BBB reconstruction, exerting a protective effect on the brain. Additionally, in a murine middle cerebral artery occlusion brain injury model, researchers found that MTK improves surgery-induced brain damage by suppressing the expression and production of substances damaging to brain neurons, such as matrix metalloproteinases (MMPs), cytokines, and interleukin-6. It also prevents the disruption of brain endothelial junction proteins, thus protecting cerebrovascular function [24]. In summary, the mechanisms by which MTK protects brain neuronal function are diverse, and further research is needed to explore these mechanisms. MTK’s impact on central CysLTs receptors plays a positive role in reducing the incidence of delirium.



The role of CysLTs and their receptors in various central nervous system (CNS) disorders, including epilepsy and Alzheimer’s disease, is becoming increasingly apparent. For instance, Michael et al. observed that MTK improved memory, cognitive function, neuroinflammation, and apoptosis, with a more pronounced therapeutic effect in women [23]. Similarly, Zhao et al. reported that MTK reduced oxidative stress, cerebral infarct volume, brain atrophy, and neuronal loss, thereby improving behavioral function [25]. Thus, MTK may not only act as an anti-neuritis protection agent in the brain, but also maintain central nervous system function in critically ill patients by reducing oxidative stress levels and protecting the blood–brain barrier, thereby reducing the incidence of delirium and mortality. Further research is needed to investigate the intrinsic mechanisms of MTK pretreatment in reducing delirium during hospitalization in critically ill patients.



Given the reported association between MTK and an increased risk of NAEs, we were cautious about the effects of MTK on the neuropsychiatric status of critically ill patients and, therefore, did not formulate a hypothesis regarding the association between MTK and the incidence of delirium before conducting this study. Ultimately, the results from our study demonstrated that pre-ICU exposure was greatly associated with the reduced incidence of delirium, suggesting a positive effect on the neuropsychiatric status of critically ill patients. However, it is important to note that MTK-related NAEs have been reported more frequently in children to date, possibly related to the fact that MTK is more commonly used in children, and possibly because children’s brains are at an early stage of maturation and the therapeutic effects of MTK are accompanied by a strong modulation of specific processes in the central system, resulting in a greater likelihood of adverse drug reactions [26]. Unfortunately, the MIMIC-IV database used in this study did not include data on ICU patients under 18 years of age, and only patients with a median age of 66 years were included, limiting the generalizability of the findings to the pediatric population. Further data on children using MTK are needed to assess the safety of MTK in the pediatric population and to better understand its potential risks and benefits.



Furthermore, montelukast is frequently administered in conjunction with corticosteroids in clinical settings. Although our study did not investigate the impact of this combination on the incidence of delirium, the use of corticosteroids can heighten nerve centre excitability, and prolonged and excessive application can result in abnormal mental states and, in some cases, induce psychosis. There may be a relationship between corticosteroids and delirium. Another hypothesis for the pathophysiology of delirium is that persistent high cortisol levels due to acute stress induce and/or maintain delirium [18]. In a retrospective cohort study, the use of the corticosteroid dexamethasone was found to exacerbate delirium [27]. Based on current findings, it is not recommended to use MTK in combination with corticosteroids for patients with neurological disorders. However, further studies are needed to provide evidence.



Previous studies conducted on COVID-19 patients have found that MTK diminished mortality by enhancing pulmonary function and oxygenation through its anti-inflammatory properties and the facilitation of bronchial expansion [28]. Consistent with these findings, our study also revealed a significant association between pre-ICU exposure and a reduction in mortality within 90 days of admission among critically ill patients with asthma. The difference is that our causal mediation analysis revealed that MTK reduced 90-day mortality partly via reduced delirium. However, it is important to acknowledge that this finding does not exclude the presence of other mediating factors. As shown in Table 3, the ACME of reduced delirium accounted for only 8.2% of the total effect, suggesting that other mediators are likely to be involved. These potential mediators may include MTK preventing respiratory failure through bronchodilation, thereby reducing the risk of death. Additionally, MTK might improve renal function and prevent renal failure, thereby exerting a positive impact on patient outcomes [29,30]. Further investigation is necessary to explore these hypotheses and identify other potential mediators.



As shown in Figure 2, myocardial infarction status had the most notable impact on the association between MTK and delirium in this study. Myocardial infarction has been identified as a risk factor for delirium and is associated with unfavorable patient outcomes [31,32,33]. The results from the subgroup analysis suggested that the benefits of MTK may not outweigh the associated risk in individuals with myocardial infarction. After controlling for confounding variables using the logistic regression model, the OR for MTK in patients with myocardial infarction was 1.795 (Table 3). However, it should be noted that the 95% confidence interval of OR for MTK encompassed 1 and the upper limit was large. Therefore, it is not plausible to infer a definite association between MTK and an elevated incidence of delirium in this subgroup, only that the effect of MTK was very insignificant in this population. Additionally, we observed a relatively attenuated significance of the association between MTK and reduced 90-day mortality in patients who were younger and had a less severe disease state on admission to the ICU. This phenomenon may be due to the inherently lower risk of mortality in these specific subgroups. Analysis of the subgroup of long-term MTK users showed that prolonged treatment with MTK increased its efficacy in regard to delirium, but did not affect its efficacy in reducing 90-day mortality. Further research is needed to investigate the dose–response relationship and to determine the optimal MTK dosing regimen that can maximize the beneficial effects of MTK in reducing the incidence of delirium.



In conclusion, our study reveals the remarkable association between pre-ICU MTK exposure and reduced delirium incidence and 90-day mortality in critically ill asthma patients, contributing to the growing evidence on the therapeutic benefits of MTK beyond its traditional use in respiratory disease. The mechanism of MTK as a CysLTR antagonist is a crucial consideration, suggesting the CysLTR may be a potential target for delirium treatment. Future research can delve into the impact of MTK on neuroinflammation, neuronal function, and cognitive impairment associated with delirium, providing insights into the underlying mechanisms. We hope that this study will draw attention to the potential of modulators of leukotriene pathways, such as MTK, in the treatment of delirium, and stimulate the development of novel therapeutic strategies to improve the outcomes of critically ill patients.



Our study has several limitations. Firstly, the retrospective, non-randomized and single-centre design restricts the generalizability of the findings in this study, and a definitive causal relationship between pre-ICU MTK exposure and the incidence of delirium and mortality needs to be established by further research with a prospective design. Additionally, residual and unmeasured confounders may still be present despite attempts to minimize them through propensity score matching and regression models. To assess the robustness of the observed association, E-values were used, which measure the minimum magnitude of unmeasured confounding required to nullify the association. However, unlike p-values, the determination of robustness cannot rely solely on surpassing a reference cut-off value. Therefore, the E-values are for reference only.



Secondly, the scarcity of ICD codes in the MIMIC-IV database poses a challenge to the reliability of the results. For example, the number of patients with allergic rhinitis identifiable by ICD codes in the MIMIC-IV database is so sparse that more than one hundred patients who used MTK prior to ICU admission could not be retrieved for the indication of medication. Therefore, asthma was included as a screening criterion to ensure comparability between the exposed and control groups and to facilitate propensity score matching. However, even when we use discharge notes combined with medication prescription records, in addition to ICD codes to help identify asthma, there is still no guarantee that the patients identified as having asthma are absolutely accurate and appropriate. Moreover, the use of ICD codes only allowed analysis of the occurrence of delirium during the hospital stay, without comprehensive information on the daily delirium status and duration of delirium, which may have affected the observed associations.



Furthermore, data integrity is a critical concern. Retrospective determination of pre-ICU MTK exposure relied on single-center prescription records, introducing the possibility of inaccuracies. We attempted to control for socioeconomic determinants of health by adjusting for insurance and race. Additional adjustment for area of residence, such as postcode, would further support the findings in this study, which are not secondary to differences in social determinants of health; however, the MIMIC-IV database does not contain this information. Although we adjusted for insurance and race to control for socioeconomic determinants of health, the lack of information on patients’ place of residence in the MIMIC-IV database hinders our ability to fully assess the impact of social determinants on the study results.




4. Materials and Methods


4.1. Data Source and Study Design


This retrospective observational cohort study was conducted utilizing data sourced from the Medical Information Mart for Intensive Care-IV (MIMIC-IV Version 2.2) database, which is affiliated with Beth Israel Deaconess Medical Center (Boston, MA, USA). The MIMIC-IV v2.2 database encompasses hospitalization information from ICU admissions at the Beth Israel Deaconess Medical Center between 2008 and 2019, involving 73,181 distinct ICU admissions by 50,920 patients, aged 18 years and above [34]. The Institutional Review Board of MIT and Beth Israel Deacon Medical Center granted approval to this database. Data extraction was carried out by the author ZSN, who successfully completed the web-based course exam of the National Institutes of Health (NIH) and received certification (certification number 52356447). Given the nature of this study, patient-informed consent was waived.



If a patient had more than one hospitalization, only the hospitalization corresponding to the first ICU record was taken into account for the analysis. Patients who had been prescribed MTK prior to ICU admission were assigned to the exposure group, and those who had not were assigned to the control group. Additionally, the exposure group excluded patients whose MTK prescriptions ended more than 365 days before their first ICU admission, as they may have ceased using MTK before being admitted to ICU. Meanwhile, the control group excluded patients who had received an MTK prescription within 90 days after ICU admission. The detailed flow chart is shown in Figure 1.




4.2. Data Extraction and Missing Value Processing


Data extraction from the MIMIC IV database was performed using the Structured Query Language with PostgreSQL (version 15). The extracted dataset included several variables, including patient age on admission, sex, race, weight, type of ICU on admission, insurance type, in-hospital mortality, survival time, 90-day mortality, and laboratory parameters. The analysis also included certain disease scoring systems, such as the Charlson Comorbidity Index (CCI) [35], Simplified Acute Physiology Score II (SAPS II) [36], Acute Physiology and Chronic Health Evaluation III (APS III) [37], Sequential Organ Failure Assessment (SOFA) [38], Systemic Inflammatory Response Syndrome (SIRS) [39], and Logistic Organ Dysfunction System (LODS) [40].



Asthma status was ascertained by ICD codes. Moreover, patients who had the keyword “asthma” in their discharge records and prescriptions for asthma medications (Supplementary Table S1) during hospitalization were also identified as having asthma. Delirium during hospitalization was assessed using the Confusion Assessment Method by the ICU. We utilized this approach, searching all the ICD codes associated with included subjects for the following terms: (1) delirium, (2) encephalopathy, (3) altered mental status, (4) confusion, (5) mental disorder, (6) hallucination, (7) delusion, and (8) cognitive impairment/deficit [41,42,43,44].



The survival time and 90-day mortality rates were determined by leveraging an existing cross-reference between the ICU admission time in the MIMIC-IV database and the Social Security Administration Death Master File. The laboratory parameters included in the analysis were the initial measurements taken when the patient was admitted to the ICU. The percentage of missing values for all laboratory parameters is less than 5%. An appropriate approach was used to deal with these missing values: if the particular parameter followed a normal distribution (such as hemoglobin, sodium concentration, etc.), the missing value was approximated by the mean; if it did not follow a normal distribution (such as serum creatinine, blood glucose value, etc.), the missing value was approximated by the median. Patient weight data also had missing values and outliers. To address missing data in this area, we first stratified the patients by race and sex and, then, estimated and imputed missing and outlier values using the median within each subgroup.




4.3. Statistical Analysis


Statistical analyses were performed using SPSS (version 28.0) and R (version 4.2.1), and p < 0.05 was considered statistically significant. Propensity score matching (PSM) was used to adjust for confounders between the two cohorts, using one-to-one nearest neighbor matching, with a caliper width of 0.01 and a random seed of 123.



Subgroup analyses were performed based on age, sex, comorbidities, and severity of illness at the time of ICU admission in our study. Subsequently, the forward stepwise selection method was used to screen out covariates that significantly affected the outcomes. Interaction p-values were estimated using the regression model, and interactions were considered present if the adjusted p-value was <0.05, indicating that the association between MTK and the outcome varied significantly between the strata [45]. Finally, potential confounders and covariates, and potential interaction terms were included in the logistic/Cox regression model to determine the association between pre-ICU MTK exposure and delirium and 90-day mortality.




4.4. Further Analyses


E-value sensitivity analysis was conducted to assess the minimum magnitude of unmeasured confounding required to nullify the observed associations [46]. The E-value typically ranges from 1 to infinity, with a higher E-value indicating a greater extent of unmeasured confounders necessary to negate the association between pre-ICU MTK exposure and the outcomes [47].



Causal mediation analysis was conducted to investigate whether the prevalence of delirium acts as a mediator between pre-ICU MTK use and mortality. The average direct effect (ADE) and average causal mediation effect (ACME) were calculated using the mediation R package.



The effect of MTK may be influenced by the dose and duration of its use in patients. However, the vast majority of MTK prescription records (99.24%) in the MIMIC-IV database were for a standard dose of 10 mg/day. This indicates that the total amount of MTK administered to the majority of patients is primarily determined by the duration of treatment rather than variations in dosage. The long-term medication subgroup was selected on the basis of the initial exposure group. Inclusion criteria were a record of at least two prescriptions for MTK prior to ICU admission, with the earliest prescription ending more than 90 days before the patient’s first ICU admission. After screening for long-term MTK users, we performed the PSM as described above for the statistical analysis.





5. Conclusions


In this study, we discovered that pre-ICU exposure to MTK was associated with reductions in in-hospital delirium and 90-day mortality, and that the favorable effect of MTK on delirium was more pronounced in patients without myocardial infarction, an effect that was potentiated by prolonged MTK use. Finally, our causal mediation analyses showed that the reduction in delirium by MTK partially contributed to the reduction in 90-day mortality. The findings from this study suggest that MTK may have potential beyond its traditional use in the treatment of respiratory disease. The mechanism of MTK as a CysLTR antagonist is a crucial consideration, indicating that the CysLTR may be a potential target for delirium treatment. Future research could investigate the impact of MTK on neuroinflammation, neuronal function, and cognitive impairment associated with delirium, providing insights into the underlying mechanisms. This study aims to draw attention to the potential of modulators of leukotriene pathways, such as MTK, in the treatment of delirium.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph17010125/s1, Table S1: Anti-asthma medications used to identify asthma patients; Table S2: Interaction Models of Exposure and Race.





Author Contributions


Y.L., S.Z., M.Z. and G.Y. conceived the study and participated in its design. S.Z. is responsible for the extraction of data. Y.L. and M.Z. analyzed the data and drafted the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by the Hunan Provincial Natural Science Foundation of China (No. 2020JJ5852 and 2023JJ60513).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data in this study were extracted from the MIMIC-IV database, which is publicly available and can be found here: https://physionet.org/content/mimiciv/1.0/#files (accessed on 6 April 2023).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Wilson, J.E.; Mart, M.F.; Cunningham, C.; Shehabi, Y.; Girard, T.D.; MacLullich, A.M.J.; Slooter, A.J.C.; Ely, E.W. Delirium. Nat. Rev. Dis. Primers 2020, 6, 90. [Google Scholar] [CrossRef]

	



Krewulak, K.D.; Stelfox, H.T.; Leigh, J.P.; Ely, E.W.; Fiest, K.M. Incidence and Prevalence of Delirium Subtypes in an Adult ICU: A Systematic Review and Meta-Analysis. Crit. Care Med. 2018, 46, 2029–2035. [Google Scholar] [CrossRef] [PubMed]

	



Pisani, M.A.; Murphy, T.E.; Van Ness, P.H.; Araujo, K.L.B.; Inouye, S.K. Characteristics Associated With Delirium in Older Patients in a Medical Intensive Care Unit. Arch. Intern. Med. 2007, 167, 1629–1634. [Google Scholar] [CrossRef] [PubMed]

	



Inouye, S.K.; Leo-Summers, L.; Zhang, Y.; Bogardus, S.T.; Agostini, J.V. A chart-based method for identification of delirium: Validation compared with interviewer ratings using the confusion assessment method. J. Am. Geriatr. Soc. 2010, 53, 312–318. [Google Scholar] [CrossRef]

	



Liu, H.; Zhao, Q.; Liu, X.; Hu, X.; Wang, L.; Zhou, F. Incidence and interaction factors of delirium as an independent risk of mortality in elderly patients in the intensive units: A retrospective analysis from MIMIC-IV database. Aging Clin. Exp. Res. 2022, 34, 2865–2872. [Google Scholar] [CrossRef]

	



Sanchez, D.; Brennan, K.; Al Sayfe, M.; Shunker, S.A.; Bogdanoski, T.; Hedges, S.; Hou, Y.C.; Lynch, J.; Hunt, L.; Alexandrou, E.; et al. Frailty, delirium and hospital mortality of older adults admitted to intensive care: The Delirium (Deli) in ICU study. Crit. Care 2020, 24, 609. [Google Scholar] [CrossRef]

	



Duprey, M.S.; Boogaard, M.V.D.; Hoeven, J.G.V.D.; Pickkers, P.; Devlin, J.W. Association between incident delirium and 28- and 90-day mortality in critically ill adults: A secondary analysis. Crit. Care 2020, 24, 161. [Google Scholar] [PubMed]

	



Bramley, P.; McArthur, K.; Blayney, A.; McCullagh, I. Risk factors for postoperative delirium: An umbrella review of systematic reviews. Int. J. Surg. 2021, 93, 106063. [Google Scholar] [CrossRef]

	



Li, Z.; Wang, J.; Ma, Y. Montelukast attenuates interleukin IL-1β-induced oxidative stress and apoptosis in chondrocytes by inhibiting CYSLTR1 (Cysteinyl Leukotriene Receptor 1) and activating KLF2 (Kruppel Like Factor 2). Bioengineered 2021, 12, 8476–8484. [Google Scholar] [CrossRef]

	



Yates, A.G.; Kislitsyna, E.; Alfonso Martin, C.; Zhang, J.; Sewell, A.L.; Goikolea-Vives, A.; Cai, V.; Alkhader, L.F.; Skaland, A.; Hammond, B.; et al. Montelukast reduces grey matter abnormalities and functional deficits in a mouse model of inflammation-induced encephalopathy of prematurity. J. Neuroinflamm. 2022, 19, 265. [Google Scholar] [CrossRef]

	



Rostevanov, I.S.; Betesh-Abay, B.; Nassar, A.; Rubin, E.; Uzzan, S.; Kaplanski, J.; Biton, L.; Azab, A.N. Montelukast induces beneficial behavioral outcomes and reduces inflammation in male and female rats. Front. Immunol. 2022, 13, 981440. [Google Scholar] [CrossRef] [PubMed]

	



Abdelzaher, W.Y.; Mostafa-Hedeab, G.; Bahaa, H.A.; Mahran, A.; Atef Fawzy, M.; Abdel Hafez, S.M.N.; Welson, N.N.; Rofaeil, R.R. Leukotriene Receptor Antagonist, Montelukast Ameliorates L-NAME-Induced Pre-eclampsia in Rats through Suppressing the IL-6/Jak2/STAT3 Signaling Pathway. Pharmaceuticals 2022, 15, 914. [Google Scholar] [CrossRef]

	



Paljarvi, T.; Forton, J.; Luciano, S.; Herttua, K.; Fazel, S. Analysis of Neuropsychiatric Diagnoses After Montelukast Initiation. JAMA Netw. Open 2022, 5, e2213643. [Google Scholar] [CrossRef]

	



Glockler-Lauf, S.D.; Finkelstein, Y.; Zhu, J.; Feldman, L.Y.; To, T. Montelukast and Neuropsychiatric Events in Children with Asthma: A Nested Case-Control Study. J. Pediatr. 2019, 209, 176–182.e4. [Google Scholar] [CrossRef] [PubMed]

	



Veronica, V. Sansing-Foster. In Neuropsychiatric Adverse Events and Montelukast: Observational Safety Analyse; FDA: Silver Spring, MD, USA, 2019; pp. 1–37. [Google Scholar]

	



Ali, M.M.; O’Brien, C.E.; Cleves, M.A.; Martin, B.C. Exploring the possible association between montelukast and neuropsychiatric events among children with asthma: A matched nested case-control study. Pharmacoepidemiol. Drug Saf. 2015, 24, 435–445. [Google Scholar] [CrossRef] [PubMed]

	



Schumock, G.T.; Stayner, L.T.; Valuck, R.J.; Joo, M.J.; Gibbons, R.D.; Lee, T.A. Risk of suicide attempt in asthmatic children and young adults prescribed leukotriene-modifying agents: A nested case-control study. J. Allergy Clin. Immunol. 2012, 130, 368–375. [Google Scholar] [CrossRef]

	



Maclullich, A.M.; Ferguson, K.J.; Miller, T.; de Rooij, S.E.; Cunningham, C. Unravelling the pathophysiology of delirium: A focus on the role of aberrant stress responses. J. Psychosom. Res. 2008, 65, 229–238. [Google Scholar] [CrossRef]

	



Subramaniyan, S.; Terrando, N. Neuroinflammation and Perioperative Neurocognitive Disorders. Anesth. Analg. 2019, 128, 781–788. [Google Scholar] [CrossRef]

	



Henjum, K.; Quist-Paulsen, E.; Zetterberg, H.; Blennow, K.; Nilsson, L.N.G.; Watne, L.O. CSF sTREM2 in delirium-relation to Alzheimer’s disease CSF biomarkers Abeta42, t-tau and p-tau. J. Neuroinflamm. 2018, 15, 304. [Google Scholar] [CrossRef]

	



Skelly, D.T.; Griffin, E.W.; Murray, C.L.; Harney, S.; O’Boyle, C.; Hennessy, E.; Dansereau, M.A.; Nazmi, A.; Tortorelli, L.; Rawlins, J.N.; et al. Acute transient cognitive dysfunction and acute brain injury induced by systemic inflammation occur by dissociable IL-1-dependent mechanisms. Mol. Psychiatry 2019, 24, 1533–1548. [Google Scholar] [CrossRef]

	



Varatharaj, A.; Galea, I. The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 2017, 60, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Michael, J.; Zirknitzer, J.; Unger, M.S.; Poupardin, R.; Rieß, T.; Paiement, N.; Zerbe, H.; Hutter-Paier, B.; Reitsamer, H.; Aigner, L. The Leukotriene Receptor Antagonist Montelukast Attenuates Neuroinflammation and Affects Cognition in Transgenic 5xFAD Mice. Int. J. Mol. Sci. 2021, 22, 2782. [Google Scholar] [CrossRef]

	



Zhou, L.; Sun, X.; Shi, Y.; Liu, J.; Luan, G.; Yang, Y. Cysteinyl leukotriene receptor type 1 antagonist montelukast protects against injury of blood-brain barrier. Inflammopharmacology 2019, 27, 933–940. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, R.; Shi, W.Z.; Zhang, Y.M.; Fang, S.H.; Wei, E.Q. Montelukast, a cysteinyl leukotriene receptor-1 antagonist, attenuates chronic brain injury after focal cerebral ischaemia in mice and rats. J. Pharm. Pharmacol. 2011, 63, 550–557. [Google Scholar] [CrossRef] [PubMed]

	



Lo, C.W.H.; Pathadka, S.; Qin, S.X.; Fung, L.W.Y.; Yan, V.K.C.; Yiu, H.H.E.; Bloom, C.I.; Wong, I.C.K.; Chan, E.W.Y. Neuropsychiatric events associated with montelukast in patients with asthma: A systematic review. Eur. Respir. Rev. 2023, 32, 169. [Google Scholar] [CrossRef]

	



Wu, Z.; Li, H.; Liao, K.; Wang, Y. Association Between Dexamethasone and Delirium in Critically Ill Patients: A Retrospective Cohort Study of a Large Clinical Database. J. Surg. Res. 2021, 263, 89–101. [Google Scholar] [CrossRef]

	



Kerget, B.; Kerget, F.; Aydın, M.; Karaşahin, Ö. Effect of montelukast therapy on clinical course, pulmonary function, and mortality in patients with COVID-19. J. Med. Virol. 2022, 94, 1950–1958. [Google Scholar] [CrossRef] [PubMed]

	



Helmy, M.M.; El-Gowelli, H.M. Montelukast abrogates rhabdomyolysis-induced acute renal failure via rectifying detrimental changes in antioxidant profile and systemic cytokines and apoptotic factors production. Eur. J. Pharmacol. 2012, 683, 294–300. [Google Scholar] [CrossRef]

	



Suddek, G.M. Montelukast ameliorates kidney function and urinary bladder sensitivity in experimentally induced renal dysfunction in rats. Fundam. Clin. Pharmacol. 2013, 27, 186–191. [Google Scholar] [CrossRef]

	



Urcun, Y.S.; Altun, Y.; Pala, A.A. Early and late predictors of postoperative neurocognitive dysfunction in cardiac surgery. Ideggyógyászati Szemle 2022, 75, 231–240. [Google Scholar] [CrossRef]

	



Yang, Q.; Wang, J.; Chen, Y.; Lian, Q.; Shi, Z.; Zhang, Y. Incidence and risk factors of postoperative delirium following total knee arthroplasty: A retrospective Nationwide Inpatient Sample database study. Knee 2022, 35, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Mossello, E.; Baroncini, C.; Pecorella, L.; Giulietti, C.; Chiti, M.; Caldi, F.; Cavallini, M.C.; Simoni, D.; Baldasseroni, S.; Fumagalli, S.; et al. Predictors and prognosis of delirium among older subjects in cardiac intensive care unit: Focus on potentially preventable forms. Eur. Heart J. Acute Cardiovasc. Care 2020, 9, 771–778. [Google Scholar] [CrossRef]

	



Johnson, A.B.L.; Pollard, T.; Horng, S.; Celi, L.A.; Mark, R. MIMIC-IV (version 2.0). PhysioNet. 2022. Available online: https://physionet.org/content/mimiciv/2.0/ (accessed on 6 April 2023).

	



Stavem, K.; Hoel, H.; Skjaker, S.A.; Haagensen, R. Charlson comorbidity index derived from chart review or administrative data: Agreement and prediction of mortality in intensive care patients. Clin. Epidemiol. 2017, 9, 311–320. [Google Scholar] [CrossRef]

	



Le Gall, J.R.; Lemeshow, S.; Saulnier, F. A new Simplified Acute Physiology Score (SAPS II) based on a European/North American multicenter study. JAMA 1993, 270, 2957–2963. [Google Scholar] [CrossRef] [PubMed]

	



Vincent, J.L.; Marshall, J.C.; Namendys-Silva, S.A.; François, B.; Martin-Loeches, I.; Lipman, J.; Reinhart, K.; Antonelli, M.; Pickkers, P.; Njimi, H.; et al. Assessment of the worldwide burden of critical illness: The intensive care over nations (ICON) audit. Lancet Respir. Med. 2014, 2, 380–386. [Google Scholar] [CrossRef] [PubMed]

	



Vincent, J.L.; Moreno, R.; Takala, J.; Willatts, S.; De Mendonça, A.; Bruining, H.; Reinhart, C.K.; Suter, P.M.; Thijs, L.G. The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of the Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive Care Med. 1996, 22, 707–710. [Google Scholar] [CrossRef]

	



Malone, D.L.; Kuhls, D.; Napolitano, L.M.; McCarter, R.; Scalea, T. Back to basics: Validation of the admission systemic inflammatory response syndrome score in predicting outcome in trauma. J. Trauma 2001, 51, 458–463. [Google Scholar] [CrossRef]

	



Le Gall, J.R.; Klar, J.; Lemeshow, S.; Saulnier, F.; Alberti, C.; Artigas, A.; Teres, D. The Logistic Organ Dysfunction system. A new way to assess organ dysfunction in the intensive care unit. ICU Scoring Group. JAMA 1996, 276, 802–810. [Google Scholar] [CrossRef]

	



Lieberman, O.J.; Lee, S.; Zabinski, J. Donepezil treatment is associated with improved outcomes in critically ill dementia patients via a reduction in delirium. Alzheimers Dement. 2023, 19, 1742–1751. [Google Scholar] [CrossRef]

	



Su, X.; Wang, J.; Lu, X. The association between Monocyte-to-Lymphocyte ratio and postoperative delirium in ICU patients in cardiac surgery. J. Clin. Lab. Anal. 2022, 36, e24553. [Google Scholar] [CrossRef]

	



Ely, E.W.; Margolin, R.; Francis, J.; May, L.; Truman, B.; Dittus, R.; Speroff, T.; Gautam, S.; Bernard, G.R.; Inouye, S.K. Evaluation of delirium in critically ill patients: Validation of the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). Crit. Care Med. 2001, 29, 1370–1379. [Google Scholar] [CrossRef] [PubMed]

	



Puelle, M.R.; Kosar, C.M.; Xu, G.; Schmitt, E.; Jones, R.N.; Marcantonio, E.R.; Cooper, Z.; Inouye, S.K.; Saczynski, J.S. The Language of Delirium: Keywords for Identifying Delirium from Medical Records. J. Gerontol. Nurs. 2015, 41, 34–42. [Google Scholar] [CrossRef] [PubMed]

	



Figueiras, A.; Domenech-Massons, J.M.; Cadarso, C. Regression models: Calculating the confidence interval of effects in the presence of interactions. Stat. Med. 1998, 17, 2099–2105. [Google Scholar] [CrossRef] [PubMed]

	



VanderWeele, T.J.; Ding, P. Sensitivity Analysis in Observational Research: Introducing the E-Value. Ann. Intern. Med. 2017, 167, 268–274. [Google Scholar] [CrossRef]

	



Mathur, M.B.; Ding, P.; Riddell, C.A.; VanderWeele, T.J. Web Site and R Package for Computing E-values. Epidemiology 2018, 29, e45–e47. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 17 00125 g001] 





Figure 1. Flow diagram of patient selection process. 
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Figure 2. Forest plot for subgroup analyses. (A): The association between pre-ICU MTK exposure and incidence of delirium during hospitalization in different subgroups. The significance of the OR was evaluated in each subgroup using the chi-squared test, with a threshold of p < 0.05 considered statistically significant. The significance of the interactions was assessed by incorporating MTK exposure, potential interaction factors, and their interaction terms into the logistic regression model. In addition, seven covariates that significantly affected the occurrence of delirium selected by the stepwise forward method were added to the model, namely the type of ICU, SAPS II, SOFA, cerebrovascular disease, dementia, severe liver disease, and diabetes. (B): The association between pre-ICU MTK exposure and 90-day mortality in different subgroups. The significance of the interactions was assessed using the Cox regression model and the following covariates that significantly affected the 90-day mortality, selected by the stepwise forward method, were added to the model: weight, CCI, APS III, LODS, cerebrovascular disease, paraplegia, severe liver disease, metastatic solid tumor, hemoglobin, hematocrit, platelet, blood urea nitrogen, and sodium. 
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Figure 3. E-value for point estimation and the lower 95% CI. (A): Sensitivity of the association between pre-ICU MTK exposure and delirium during hospitalization in patients without myocardial infarction. (B): Sensitivity of the association between pre-ICU MTK exposure and 90-day mortality in critically ill patients with asthma. 
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Table 1. Baseline characteristics and outcomes of patients in the original and matched cohorts.
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Characteristics

	
Before Matching

	
After Matching




	
All Patients

(n = 6344)

	
Exposure

Group (n = 444)

	
Control

Group (n = 5900)

	
p Value

	
Control

Group (n = 443)

	
p Value






	
Age (y)

	
63.8 (51.8–75.0)

	
66.1 (54.7–74.6)

	
63.5 (51.4–75.0)

	
0.012

	
66.2 (54.5–77.4)

	
0.560




	
Weight (kg)

	
81.8 (68.4–98.0)

	
85.3 (70.0–102.5)

	
81.6 (68.2–98.0)

	
0.015

	
83.4 (68.9–103)

	
0.709




	
Gender, n (%)

	
<0.001

	

	
0.905




	
Female

	
3637 (57.3)

	
290 (65.3)

	
3347 (56.7)

	

	
287 (64.9)

	




	
Male

	
2707 (42.7)

	
154 (34.7)

	
2553 (43.3)

	

	
155 (35.1)

	




	
Race, n (%)

	
0.014

	

	
0.817




	
White

	
4089 (64.5)

	
310 (69.8)

	
3379 (64.1)

	

	
300 (67.9)

	




	
Black

	
967 (15.2)

	
67 (15.1)

	
900 (15.3)

	

	
72 (16.3)

	




	
Other a

	
1288 (20.3)

	
67 (15.1)

	
1221 (20.7)

	

	
70 (15.8)

	




	
Type of insurance, n (%)

	
0.003

	

	
0.188




	
Medicaid

	
617 (9.7)

	
36 (8.1)

	
581 (9.8)

	

	
39 (8.8)

	




	
Medicare

	
2681 (42.3)

	
222 (50.0)

	
2459 (41.7)

	

	
194 (43.9)

	




	
Other b

	
3046 (48.0)

	
186 (41.9)

	
2860 (48.5)

	

	
209 (47.3)

	




	
Type of ICU for first admission, n (%)

	
0.012

	

	
0.600




	
CCU/CVICU

	
2225 (35.1)

	
184 (41.4)

	
2041 (34.6)

	

	
178 (40.3)

	




	
MICU/SICU

	
2337 (36.8)

	
143 (32.2)

	
2194 (37.2)

	

	
156 (35.3)

	




	
Others c

	
1782 (28.1)

	
117 (26.4)

	
1665 (28.2)

	

	
108 (24.4)

	




	
Comorbidity, n (%)

	

	




	
Myocardial infarction

	
887 (14.0)

	
70 (15.8)

	
817 (13.8)

	
0.261

	
81 (18.3)

	
0.311




	
Congestive heart failure

	
1733 (27.3)

	
132 (29.7)

	
1601 (27.1)

	
0.237

	
123 (27.8)

	
0.532




	
Peripheral vascular disease

	
629 (9.9)

	
44 (9.9)

	
585 (9.9)

	
0.997

	
48 (10.9)

	
0.643




	
Cerebrovascular disease

	
772 (12.2)

	
38 (8.6)

	
734 (12.4)

	
0.016

	
40 (9.0)

	
0.796




	
Dementia

	
154 (2.4)

	
5 (1.1)

	
149 (2.5)

	
0.065

	
5 (1.1)

	
0.994




	
Chronic pulmonary disease

	
4756 (75.0)

	
407 (91.7)

	
4349 (73.7)

	
<0.001

	
401 (90.7)

	
0.620




	
Rheumatic disease

	
260 (4.1)

	
32 (7.2)

	
228 (3.9)

	
<0.001

	
26 (5.9)

	
0.425




	
Peptic ulcer disease

	
139 (2.2)

	
8 (1.8)

	
131 (2.2)

	
0.561

	
10 (2.3)

	
0.627




	
Mild liver disease

	
711 (11.2)

	
27 (6.1)

	
684 (11.6)

	
<0.001

	
31 (7.0)

	
0.575




	
Diabetes

	
1994 (31.4)

	
161 (36.3)

	
1833 (31.1)

	
0.023

	
153 (34.6)

	
0.609




	
Paraplegia

	
220 (3.5)

	
12 (2.7)

	
208 (3.5)

	
0.361

	
13 (2.9)

	
0.830




	
Renal disease

	
1243 (19.6)

	
61 (13.7)

	
1182 (20.0)

	
0.001

	
56 (12.7)

	
0.638




	
Malignant cancer

	
741 (11.7)

	
62 (14.0)

	
679 (11.5)

	
0.120

	
46 (10.4)

	
0.106




	
Severe liver disease

	
260 (4.1)

	
9 (2.0)

	
251 (4.3)

	
0.022

	
9 (2.0)

	
0.992




	
Metastatic solid tumor

	
360 (5.7)

	
26 (5.9)

	
334 (5.7)

	
0.864

	
21 (4.8)

	
0.463




	
Aids

	
51 (0.8)

	
3 (0.7)

	
48 (0.8)

	
0.970

	
3 (0.7)

	
1.000




	
Scores

	

	

	




	
CCI

	
5 (3–7)

	
5 (3–7)

	
5 (3–7)

	
0.127

	
5 (3–7)

	
0.722




	
SAPS II

	
31 (23–40)

	
31 (23–39)

	
32 (23–40)

	
0.059

	
31 (24–38)

	
0.443




	
APS III

	
38 (28–51)

	
35 (27–47)

	
38 (28–51)

	
0.003

	
36 (28–48)

	
0.407




	
SOFA

	
3 (2–6)

	
3 (1–5)

	
3 (2–6)

	
0.001

	
3 (2–5)

	
0.314




	
SIRS

	
3 (2–3)

	
3 (2–3)

	
3 (2–3)

	
0.005

	
3 (2–3)

	
0.494




	
LODS

	
3 (2–5)

	
3 (2–5)

	
3 (2–5)

	
0.009

	
3 (2–5)

	
0.824




	
Laboratory tests

	

	

	




	
Hemoglobin concentration, g/dL

	
11.1 ± 2.2

	
10.9 ± 2.1

	
11.1 ± 2.2

	
0.131

	
10.9 ± 2.2

	
0.926




	
Hematocrit (%)

	
33.3 ± 6.0

	
33.0 ± 5.7

	
33.3 ± 6.0

	
0.209

	
32.9 ± 5.8

	
0.887




	
Platelet, K/μL

	
206.5 (152.5–271.0)

	
218.3 (157.6–285.1)

	
206.5 (152.0–271.0)

	
0.009

	
224 (160–287.8)

	
0.619




	
WBCs, K/μL

	
10.8 (7.9–14.5)

	
11.7 (8.5–14.9)

	
10.8 (7.9–14.5)

	
0.017

	
11.2 (8.2–15.3)

	
0.815




	
Bicarbonate, mEq/L

	
23.7 ± 4.3

	
24.6 ± 4.6

	
23.6 ± 4.3

	
<0.001

	
24.4 ± 4.3

	
0.510




	
BUN, mg/dL

	
17.5 (12.0–27.5)

	
17.0 (12.0–23.5)

	
17.5 (12.0–27.5)

	
0.038

	
17.0 (12.0–24.6)

	
0.835




	
Calcium, mg/dL

	
8.4 ± 0.8

	
8.5 ± 0.6

	
8.4 ± 0.8

	
0.445

	
8.5 ± 0.7

	
0.835




	
Creatinine, mg/dL

	
0.9 (0.7–1.3)

	
0.9 (0.7–1.2)

	
0.9 (0.7–1.4)

	
0.002

	
0.9 (0.7–1.2)

	
0.629




	
Glucose, mg/dL

	
128.0 (108.0–160.0)

	
128.5 (109.1–159.4)

	
128.0 (108.0–160.0)

	
0.914

	
128.0 (108.8–163.5)

	
0.878




	
Sodium, mEq/L

	
138.2 ± 4.4

	
137.9 ± 4.1

	
138.2 ± 4.4

	
0.131

	
138.0 ± 4.4

	
0.584




	
Potassium, mEq/L

	
4.2 ± 0.6

	
4.2 ± 0.6

	
4.2 ± 0.6

	
0.945

	
4.3 ± 0.6

	
0.601




	
Outcomes, n (%)

	

	

	

	

	

	




	
Delirium

	
1235 (19.5)

	
67 (15.1)

	
1168 (19.8)

	
0.016

	
89 (20.1)

	
0.049




	
Hospital mortality

	
439 (6.9)

	
25 (5.6)

	
414 (7.0)

	
0.267

	
23 (5.2)

	
0.779




	
90-day mortality rate

	
820 (12.9)

	
40 (9.0)

	
780 (13.2)

	
0.011

	
67 (15.2)

	
0.005








Abbreviation: SICU, surgical intensive care unit; MICU, medical intensive care unit; CCU, coronary care unit; CVICU, cardiac vascular intensive care unit; WBCs, white blood cells; BUN, blood urea nitrogen; CCI, Charlson Comorbidity Index; SAPS II, Simplified Acute Physiology Score II; SAPS III, Simplified Acute Physiology Score III; SOFA, Sequential Organ Failure Assessment; SIRS, Systemic Inflammatory Response Syndrome; LODS, Logistic Organ Dysfunction System. Continuous variables were reported as mean ± standard deviation (SD), or median of the first quartile to the third quartile, depending on whether they followed a normal distribution. Categorical variables were presented as numbers and proportions. Comparisons were performed using the t-test, Mann–Whitney U-test, or chi-squared (or Fisher’s exact) test, according to the distribution characteristics of the data. a The category of “other races” included patients who identify as Hispanic/Latino, American Indian, Native Hawaiian, or other Pacific Islander, Portuguese, or Asian, as well as patients who opted not to disclose their race. b The category of “other type of insurance” included patients who did not utilize Medicaid or Medicare during their hospitalization. c The category of “other type of ICU” included trauma and neurology ICU.













 





Table 2. Parameters of the logistics model incorporating the interaction term of pre-ICU MTK exposure and myocardial infarction.
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	Variable
	Coefficient
	Standard Error
	OR (95% CI)
	* p-Value





	Pre-ICU MTK exposure
	β1: −0.534
	0.217
	0.586(0.383–0.896) b
	0.014



	Interaction item
	β2: 1.119 a
	0.489
	-
	0.022 a







*: With a p-value of less than 0.05, the results are statistically significant, indicating that the results are unlikely to be due to random factors. Other covariates: race, age, gender, type of ICU, SAPS II, SOFA, myocardial infarction, cerebrovascular disease, dementia, severe liver disease, and diabetes. a The regression coefficient of the interaction term (β2) had a p-value < 0.05, but the sign of β2 was opposite to that of β1, suggesting that myocardial infarction significantly attenuates the association between pre-ICU MTK exposure and delirium during hospitalization. b In patients without myocardial infarction, the OR for pre-ICU MTK exposure was 0.586 (i.e., Exp(β1) = 0.586). In patients with myocardial infarction, the OR for pre-ICU MTK exposure was 1.795 (i.e., Exp(β1 + β2) = 1.795).













 





Table 3. Association between pre-ICU use of MTK and 90-day mortality mediated by delirium.
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	Total Effect
	p-Value
	Average Direct Effect (ADE)
	p-Value
	Average Causal Mediation Effect (ACME)
	p-Value
	Percentage of ACME





	−0.0645

[−0.1120, −0.0200] a
	<0.001
	−0.0592

[−0.1069, −0.0100] a
	0.020
	−0.0053

[−0.0142, 0.0002] a
	0.020
	8.2%







Adjusted by weight, CCI, APS III, LODS, cerebrovascular disease, paraplegia, severe liver disease, metastatic solid tumor, hemoglobin, hematocrit, platelet, blood urea nitrogen, and sodium. These covariates significantly affected the 90-day mortality and were screened out by the forward stepwise selection method. a 95% confidence interval.
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