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Purpose: Hyperlipidemia increases postoperative delirium (POD) risk via neuroinflammation; however, effective pharmacological 
interventions to mitigate POD in this population remain limited. Remimazolam has been reported to reduce perioperative stress and 
modulate neuroinflammatory responses. We investigated the effect of remimazolam on POD incidence in surgical patients with 
hyperlipidemia.
Patients and Methods: In this retrospective cohort study, we enrolled 1123 patients with hyperlipidemia who underwent surgery 
under general anesthesia with or without remimazolam at a single institution. The primary outcome measure was POD incidence 
within 3 days postoperatively. To assess the impact of remimazolam on POD, a target trial emulation framework was applied to 
enhance control of confounders and strengthen causal inference. We additionally investigated the dose–response relationship between 
remimazolam exposure and POD.
Results: POD incidence in the remimazolam group was 13.8%, which was 7.2% lower than that in the non-remimazolam group 
(P<0.01). Additionally, delirium severity (median score: 9 vs 10, P<0.01) and cognitive impairment incidence at 6 months post
operatively (4.4% vs 8.3%, P<0.05) were lower in the remimazolam group. The target trial emulation further confirmed the protective 
effects of remimazolam on POD (adjusted risk difference [aRD]: −5.3%, P=0.016), delirium severity (aRD: −2.238, P<0.001), and 
cognitive dysfunction incidence at 6 months postoperatively (aRD: −3.97%, P=0.019). Dose–response analysis showed a significant 
reduction in POD incidence when the total remimazolam dose was ≥10.29 mg or the maintenance rate was ≥0.51 mg kg−1 h−1.
Conclusion: Remimazolam significantly reduced POD incidence and severity in patients with hyperlipidemia and improved cognitive 
function at 6 months postoperatively. However, prospective studies are needed to confirm these findings.
Keywords: remimazolam, postoperative delirium, hyperlipidemia, target trial emulation, dose–response, neuroprotection

Introduction
Postoperative delirium (POD) is a common and serious perioperative complication,1 characterized by impaired attention, 
altered consciousness, and fluctuating cognition.2 Research has indicated that POD is closely linked to extended 
hospitalization, increased mortality risk,3 and persistent cognitive deterioration.4 Its incidence is high among patients 
with metabolic disorders,5 particularly hyperlipidemia, which can enhance the central nervous system vulnerability to 
perioperative injury and further promote POD by activating microglia and neuronal inflammasomes, thereby exacerbat
ing neuroinflammation,6 promoting oxidative stress,7 and impairing cerebral vascular endothelial function.8
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A correlation between hyperlipidemia and POD has been demonstrated;9 however, the use of traditional sedatives 
such as propofol or midazolam may cause lipid fluctuations10 or delayed emergence11 in patients with metabolic 
abnormalities, highlighting the limited evidence-based guidance regarding optimal anesthetic selection in this specific 
population. Remimazolam tosylate, a new ultra-short-acting benzodiazepine, offers hemodynamic stability, non- 
accumulative pharmacokinetics, and metabolism independent of hepatic and renal function,12 potentially making it 
more advantageous in reducing delirium risk. Remimazolam has been shown to significantly reduce neuroinflammation 
and neuronal damage by inhibiting microglial activation13 and reducing inflammation mediated through the nucleotide- 
binding oligomerization domain-like receptor protein 3 inflammasome pathway,14 suggesting that its anti-inflammatory 
effects may be particularly beneficial in countering the pro-inflammatory state of hyperlipidemia.

While remimazolam has shown efficacy in decreasing POD incidence among older patients with hip fractures15 and 
enhancing postoperative cognitive recovery,16 its impact on hyperlipidemic surgical populations remains unexplored. 
Therefore, in this study, we aimed to evaluate the effect of remimazolam on POD incidence and severity in surgical 
patients with hyperlipidemia and to explore dose–response relationships using a target trial emulation framework.

Materials and Methods
Ethics Consideration
This study was approved by the Ethics Committee of the Affiliated Hospital of Southwest Medical University 
(KY2025006) and registered with ChiCTR (ChiCTR2500097885). This study is retrospective, and all patient information 
used in the research has been strictly de-identified, thus, the informed consent forms was waived. The design principles 
of randomized controlled trials (Supplementary Table 1) and the STROBE guidelines for observational studies were 
strictly followed during the study implementation.17 All patients data were anonymized and maintained with strict 
confidentiality in compliance with the principles of the Declaration of Helsinki.

Study Population and Subgroups
Adult patients (age ≥18 years) who underwent surgery under general anesthesia between March 1, 2024, and 
February 28, 2025, at the Affiliated Hospital of Southwest Medical University were eligible. The inclusion criteria 
were preoperative combined hyperlipidemia; American Society of Anesthesiologists (ASA) class I–III; non-cranial, non- 
cardiac surgery; and a postoperative hospital stay of ≥3 days.

Hyperlipidemia was defined according to the 2023 Chinese Guidelines for Lipid Management,18 based on dyslipi
demia characterized by elevated total cholesterol (TC ≥5.2mmol·L−1), elevated triglycerides (TGs ≥1.7mmol·L−1), 
reduced high-density lipoprotein cholesterol (HDL-C <1.0 mmol·L−1), or elevated low-density lipoprotein cholesterol 
(LDL-C ≥3.4mmol·L−1).

Patients with the following contraindications were excluded: 1) preoperative delirium or mental illness; 2) allergy to 
or contraindications for benzodiazepines; 3) severe cardiovascular disease or hepatic or renal insufficiency; and 4) 
a history of drug abuse or use of psychotropic drugs.

Participants were categorized into two groups based on the administration status of remimazolam tosylate (Jiangsu 
Hengrui Medicine Co., Ltd.; National Pharmaceutical Licence No. H20190034). Patients who received remimazolam 
tosylate intraoperatively were assigned to the remimazolam group, whereas those who did not were categorized in the 
non-remimazolam group.

Clinical Data Collection
Patient-related information was collected from the hospital’s electronic medical record system (Donghua Standard 
Edition Digital Hospital; iMedical HIS 9.0.1). Demographic information included sex, age, body mass index (BMI), 
ASA classification, education level (categorized into low and high levels using a 6-year cut-off), and alcohol dependence 
(males: >20 g of alcohol per day; females: >15 g per day).19 Medical history included hypertension, diabetes mellitus, 
coronary artery disease, arrhythmia, and cerebrovascular disease. The patients’ lipid profiles (TC, TGs, LDL-C, and 
HDL-C) were also collected.
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Intraoperative information included operative time, intraoperative hypertension (intraoperative blood pressure ≥30% 
above baseline value for 5 min),20 intraoperative hypotension (intraoperative mean arterial pressure ≤65 mmHg for 
5 min),21 intraoperative hypothermia (core temperature <36°C),22 and delayed awakening (failure to regain conscious
ness within 30–60 min after discontinuation of general anesthesia).23 For patients receiving intraoperative remimazolam, 
the mode of remimazolam administration (induction alone or induction-maintenance co-administration) and total dose 
used were recorded.

Primary Outcome
The primary outcome was 3-day POD incidence, assessed using the 3-Minute Diagnostic Interview for Confusion 
Assessment Method (3D-CAM),24 which includes the following four features: 1) acute mental status change, 2) attention 
deficit, 3) fluctuating levels of consciousness, and 4) disorganized or disordered thinking. Delirium was diagnosed when 
features 1 and 2 were positive, along with either features 3 or 4. Assessments were completed by two trained researchers 
between 6:00 PM and 8:00 PM the day before surgery and on postoperative days 1–3. Outcome events had been collected 
prospectively, and a retrospective analysis was performed in this study.

Secondary Outcomes
Secondary outcomes included length of hospital stay, post-anesthesia care unit (PACU) stay time, delirium severity, 
cognitive dysfunction incidence at 3 and 6 months postoperatively, and all-cause mortality at 6 months postoperatively. 
Delirium severity was measured using the quantitative scale established by Vasunilashorn et al,25 a scoring system that 
transforms 3D-CAM assessments into a continuous variable score ranging from 0 to 20, with higher scores indicating 
greater symptom severity. Postoperative follow-ups were conducted via telephone at 3 and 6 months. Cognitive function 
was assessed using a modified version of the Telephone Interview for Cognitive Status,26 and survival status was 
confirmed during the 6-month follow-up.

Statistical Analysis
Data normality was assessed using the Shapiro–Wilk test. Normally distributed continuous variables are expressed as 
mean ± standard deviation and were compared using independent samples t-tests, while non-normally distributed data are 
expressed as median with interquartile range and were analyzed using Mann–Whitney U-tests. Categorical variables are 
presented as counts and were compared using chi-square tests.

To evaluate the association between remimazolam use and POD risk, we constructed multivariate logistic regression 
models and reported odds ratios (ORs) with 95% confidence intervals (CIs). Kaplan–Meier curves were generated to 
compare cumulative POD incidence between the remimazolam and non-remimazolam groups, and Log rank tests were 
applied to estimate hazard ratios along with 95% CIs.

Restricted cubic spline analyses were performed to evaluate dose–response relationships for remimazolam doses in 
the overall remimazolam group, induction-only subgroup, and induction–maintenance subgroup; the maintenance rate of 
remimazolam in the induction–maintenance population; and POD risk (four nodes). Covariates adjusted for in these 
models included age, education level, BMI, alcohol dependence, sex, diabetes, cerebrovascular disease, hypertension, 
arrhythmia, coronary heart disease, operative time, intraoperative hypothermia, intraoperative hypotension, intraoperative 
hypertension, and delayed emergence. To explore the potential moderating effect of remimazolam, we included an 
interaction term between remimazolam dose and each covariate added separately to the regression model and 
a statistically significant range of dose moderation was determined using the Johnson–Neyman method.

To emulate a target trial estimating the effect of remimazolam on postoperative outcomes, the observed administration 
(or non-administration) of remimazolam for each individual was re-assigned to generate two hypothetical scenarios using 
a static intervention framework:27 (1) what if all participants received remimazolam, and (2) what if no participants 
received remimazolam. In the primary analysis, we estimated the effect of remimazolam on POD.

Secondary outcomes included the POD severity score, length of hospital and PACU stays, postoperative cognitive 
function at 3 and 6 months, and all-cause mortality at 6 months. Baseline confounders included age, education level, 
BMI, alcohol dependence, sex, diabetes, cerebrovascular disease, hypertension, arrhythmia, coronary heart disease, 
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operative time, intraoperative hypothermia, intraoperative hypotension, intraoperative hypertension, and delayed 
emergence.

The aforementioned statistical estimand belongs to the category of a “modified treatment policy”,28,29 which 
assesses outcomes when the application of a treatment or intervention is modified from reality. Casual interpretation 
required the following assumptions: (1) conditional exchangeability, indicating no unobserved/unmeasured con
founding in the relationship between the set of treatments and the outcome or between censoring and outcome, 
conditional on covariates or covariates and treatment, respectively; (2) positivity, which ensures each individual has 
a non-zero probability of receiving a treatment conditional on observed covariates; and (3) consistency, ensuring the 
observed outcome for an individual under a specific treatment aligns with their potential outcome under that same 
treatment.

We obtained this statistical estimand using a doubly robust, nonparametric targeted minimum loss-based estimator.30 

A five-fold cross-fitted version of this estimator was utilized, which involves fitting regressions for both the outcome and 
treatment mechanisms. These regressions were conducted using an ensemble of machine learning algorithms,31 including 
generalized linear, random forest, Lasso, XGBoost, and generalized additive models.

All patients with hyperlipidemia included in the analysis were categorized into subgroups based on abnormal critical 
values of TGs, TC, LDL-C, and HDL-C. Additionally, subgroup analyses of the estimated POD incidence between the 
remimazolam and non-remimazolam groups in the different lipid subgroups were conducted using the target trial 
emulation method. Sensitivity analysis was performed after excluding patients with cerebrovascular disease in the target 
trial emulation framework to verify the robustness of the results.

Statistical analyses were performed using R 4.4.2 (R Core Team, Vienna, Austria) and IBM SPSS Statistics for 
Windows, version 25.0 (IBM Corp., Armonk, NY, USA), and graphs were plotted using GraphPad Prism 10.4 (GraphPad 
Software, San Diego, CA, USA). Statistical significance was set at P<0.05.

Results
General Patient Information
Overall, 1344 patients with hyperlipidemia were initially included. After excluding those with incomplete data and loss 
to follow-up, 1123 patients were included in the final analysis cohort, comprising 586 and 537 in the remimazolam and 
control groups, respectively (Figure 1).

TC (5.27 vs 5.13 mmol·L−1, P<0.05) and LDL-C levels (3.56 vs 3.42 mmol·L−1, P<0.05) were higher in the 
remimazolam group than in the non-remimazolam group. No significant differences were observed between the two 
groups in demographics, comorbidities, and surgical parameters (P>0.05; Table 1).

Effect of Remimazolam on Postoperative Delirium Incidence
Among the 1123 patients included in the study, POD occurred in 194, yielding an overall incidence of 17.3%. 
Multivariate logistic regression analysis showed that remimazolam administration was associated with a significantly 
reduced risk of POD (OR=0.552, 95% CI: 0.392–0.776, P=0.001) and was identified as an independent protective factor. 
Several variables were significantly correlated with an increased POD risk, including higher BMI (OR=1.068, 95% CI: 
1.021–1.118, P=0.004), pre-existing arrhythmia (OR=3.071, 95% CI: 2.168–4.349, P<0.001), intraoperative hypertension 
(OR=2.119, 95% CI: 1.043–4.307, P=0.038), and longer operative time (OR=1.007, 95% CI: 1.006–1.019, P<0.001, 
Figure 2A). POD incidence was significantly lower in the remimazolam group (n=81; incidence rate 13.8%) than in the 
non-remimazolam group (n=113; incidence rate 21.0%, P<0.05; Figure 2B). Kaplan–Meier survival analysis revealed 
a significantly lower cumulative POD incidence in the remimazolam group (log-rank P<0.05), with a hazard ratio of 
0.418 (95% CI: 0.330–0.529, Figure 2C).

Using a target trial emulation method adjusted for confounders and calculating the adjusted estimated incidence rate 
and its 95% CIs, the estimated incidence of POD showed that remimazolam reduced absolute risk by 5.3% (95% CI: 
−9.6% to −0.8%, P=0.016, Figure 2D), a result consistent with the previous analysis.
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Effect of Remimazolam on Delirium Severity and Cognitive Function at 6 Months 
Postoperatively
The time of onset, duration of days, and delirium severity in patients with POD are shown in Figure 3A. Patients 
receiving remimazolam showed significantly better outcomes in two key measures than did those in the control group: 
median POD severity score on postoperative day 1 (9 vs 10, P<0.01, Figure 3B) and incidence of cognitive impairment at 
6 months (4.4% vs 8.3%, P<0.05, Figure 3C). Length of hospital stay (median, 8 vs 8 days, P=0.945, Figure 3D), 
cognitive impairment incidence at 3 months (2.7% vs 3.9%, P=0.316, Figure 3E), PACU stay duration (median, 23 vs 
23 min, P=0.509, Figure 3F), and 6-month all-cause mortality (1.1% vs 2.6%, P=0.121, Figure 3G) were not significantly 
different.

The results of the emulation analysis of the target trial were consistent with the observational data, further confirming 
that remimazolam significantly decreased the POD severity score on the first day (adjusted mean difference: −2.238, 95% 
CI: −2.881 to −1.595, P<0.001) and lowered the risk of 6-month cognitive impairment (adjusted risk difference [aRD]: 
−3.97%, 95% CI: −7.30% to −0.65%, P=0.019); however, no significant differences were observed in 3-month post
operative cognitive function, length of hospital and PACU stays, and 6-month postoperative all-cause mortality 
(Figure 3H).

Remimazolam Dose and Maintenance Rate Thresholds
In the overall population, a linear negative correlation was observed between remimazolam dose and POD risk (P for 
nonlinearity=0.708), with OR values decreasing continuously at doses >10.29 mg (Figure 4A). The dose–response curve 
in the induction-only population showed a U-shape; although the trend of the curve suggested nonlinearity, the statistical 
test did not reject the assumption of linearity (P for nonlinearity=0.062), and the OR value of <1 for the induction dose 
was in the range of 10.06–18.94 mg (Figure 4B). The induction–maintenance group showed an inverted U-shaped curve 
(P for nonlinearity<0.005), and the OR value dropped below 1 at a dose of 17.57 mg (Figure 4C). The maintenance 

Figure 1 Flow chart of patient screening.
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infusion rate analysis similarly showed an inverted U-shaped relationship (P for nonlinearity<0.005), with a critical value 
of 0.51 mg kg−1 h−1 (Figure 4D).

Based on the dose thresholds determined through restrictive cubic spline analysis, the results of a stratified analysis of 
the different remimazolam dosing regimens using the target trial emulation framework validated the dose–response 
relationship observed in the restrictive cubic spline analysis. In the total remimazolam-use group, POD incidence was 
significantly lower at doses ≥10.29 mg (14.48% vs 19.88%; aRD: −5.40%, 95% CI: −9.60% to −1.20%, P=0.012). This 
trend was also observed in the induction group. When the maintenance infusion rate was ≥0.51 mg kg−1 h−1 (aRD: 
−12.92%, 95% CI: −17.14% to −8.71%, P<0.01), the estimated POD incidence was only 7.04%. The induction– 
maintenance combination regimen of remimazolam further reduced delirium risk compared with that of the induction 
regimen alone (10.62% vs 16.37%, aRD: −5.7%, 95% CI: −10.9% to −0.6%, P=0.029), suggesting a full course of drug 
administration with a clinical advantage (Figure 4E).

Moderating Effects of Remimazolam in Postoperative Delirium Development in 
Patients with Cardiac Arrhythmias
The analyses showed that the interaction term between total remimazolam dose and arrhythmia was statistically 
significant (β=−0.002, standard error=0.001, t value: −2.455, P=0.014, Supplementary Table 2).

Table 1 Baseline Characteristics of the Hyperlipidemic Population

Variables Overall 
(n=1123)

Remimazolam  
Group (n=586)

Non-Remimazolam  
group (n=537)

P value

Age, median (IQR) 60 (16) 60 (15) 60 (16) 0.677

Sex women, N (%) 582 (51.8%) 301 (51.4%) 281 (52.3%) 0.765

BMI, median (IQR), kg m−2 24.22 (4.27) 24.03 (4.45) 24.24 (4.25) 0.729
Education level, N (%) 0.711

Low (<6 years) 227 (20.28%) 121 (20.68%) 106 (19.7%)

High (≥6 years) 896 (79.8%) 465 (79.4%) 431 (80.3%)
Diabetes, N (%) 179 (15.9%) 96 (16.4%) 83 (15.5%) 0.684

CVD, N (%) 142 (12.6%) 79 (13.5%) 63 (11.7%) 0.419
Hypertension, N (%) 362 (32.2%) 175 (29.9%) 187 (34.8%) 0.084

Arrhythmia, N (%) 395 (35.2%) 204 (34.9%) 191 (35.6%) 0.851

CHD, N (%) 66 (5.9%) 37 (6.3%) 29 (5.4%) 0.528
Alcohol dependence, N (%) 97 (8.6%) 53 (9%) 44 (8.2%) 0.671

ASA Classification, N (%) 0.511

≤II 577 (51.4%) 307 (52.4%) 270 (50.3%)
≥III 546 (48.6%) 279 (47.6%) 267 (49.7%)

TGs, median (IQR), mmol L−1 1.74 (1.07) 1.75 (1.04) 1.72 (1.10) 0.609

TC, median (IQR), mmol L−1 5.22 (1.6) 5.27 (1.42) 5.13 (1.72) <0.05
LDL, median (IQR), mmol L−1 3.49 (1.18) 3.56 (1.09) 3.42 (1.31) <0.05

HDL, median (IQR), mmol L−1 1.21 (0.55) 1.24 (0.55) 1.18 (0.56) 0.108

Operative time, median (IQR), min 100 (100) 100 (100) 100 (95) 0.903
Intraoperative

Hypothermia 25 (2.2%) 16 (2.7%) 9 (1.7%) 0.312

Hypotension 65 (5.8%) 31 (5.3%) 34 (6.3%) 0.523
Hypertension 56 (5%) 32 (5.5%) 24 (4.5%) 0.494

Delayed emergence 33 (2.9%) 15 (2.6%) 18 (3.4%) 0.482

Notes: The Shapiro–Wilk test for normality is used for quantitative data. The Mann–Whitney U-test is used for non-normal quantitative data, and the 
chi-square test is utilised for qualitative data. 
Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; CVD, cerebrovascular disease; CHD, coronary heart disease; 
HDL, high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein; TC, total cholesterol; TGs, triglycerides.
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Figure 2 (A) Forest plot of multivariate logistic regression results: Remimazolam reduces the risk of POD, arrhythmia, BMI, intraoperative hypertension, and duration of 
surgery increases the risk. (B) Stacked histogram: The incidence of POD in the remimazolam group was 7.2% lower than that in the non-remimazolam group. (C) Kaplan– 
Meier analysis: the cumulative morbidity rate was lower in the remimazolam group. (D) Target trial emulation: The estimated absolute risk of POD incidence in the 
remimazolam group was 5.3% lower than that in the non-remimazolam group. 
Abbreviations: BMI, body mass index; POD, Postoperative delirium.
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Figure 3 (A) Heat map: Time of onset, duration of days, and severity of delirium in patients with POD. (B) Comparison of POD severity. (C) Comparison of the incidence 
of cognitive impairment at 6 months. (D) Comparison of the length of hospital stay. (E) Comparison of the incidence of cognitive impairment at 3 months. (F) Comparison 
of PACU stay duration. (G) Comparison of 6-month all-cause mortality. (H) Target trial emulation: Lower severity score of POD on the first day and incidence of 
postoperative 6-month cognitive impairment in the remimazolam group. 
Abbreviations: POD, Postoperative delirium; PACU, Post-anesthesia care unit.
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Figure 4 (A) Total remimazolam group: Dose is linearly and negatively correlated with POD, with a critical dose of 10.29 mg. (B) Induction-only group: Dose–response is 
U-shaped, with an optimal dose range of 10.06–18.94 mg. (C) Induction-maintenance group: Dose–response is an inverted U-shaped relationship, with a critical dose of 
17.57 mg. (D) Maintenance infusion rate: An inverted U-shaped relationship, with a critical rate of 0.51 mg kg−1 h−1. (E) Emulated stratified analysis of the target trial: Dose 
thresholds show that the high dose (≥threshold group) and the combined induction-maintenance regimen significantly reduce the risk of POD. 
Abbreviation: POD, Postoperative delirium.
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Further analysis using the Johnson–Neyman method revealed that remimazolam had a significant negative moderating 
effect on POD risk in patients with arrhythmia when the remimazolam dose ranged from 0 to 48.52 mg (P<0.05; 
Figure 5).

Subgroup Analysis of Four Dyslipidemias
In the subgroup analysis, remimazolam significantly reduced POD risk in four dyslipidemia subgroups: TG ≥1.7 
mmol·L−1 (RR=0.585, 95% CI: 0.400–0.854, P=0.006), TC ≥5.2 mmol·L−1 (RR=0.609, 95% CI: 0.421–0.882, 
P=0.009), LDL-C ≥3.4 mmol·L−1 (RR=0.609, 95% CI: 0.419–0.887, P=0.01), and HDL-C <1.0 mmol·L−1 (RR=0.671, 
95% CI: 0.477–0.944, P=0.02, Supplementary Figure 1).

Sensitivity Analysis
After excluding individuals with preoperative cerebrovascular disease, 981 patients were included in the emulated 
sensitivity analysis of the target trial. The results aligned with those of the main analysis. Moreover, the statistical 
significance remained unchanged, indicating the robustness of the findings (Supplementary Figure 2).

Discussion
The perioperative use of remimazolam in patients with hyperlipidemia significantly reduced POD incidence, delirium 
severity, and cognitive impairment incidence at 6 months postoperatively. Furthermore, a significant dose-dependent 
protective effect was observed at a total dose ≥10.29 mg and a maintenance infusion rate ≥0.51 mg kg−1 h−1. The 
protective effect of remimazolam was significant in the dyslipidemia subgroup and had a negative moderating effect on 
POD occurrence in patients with cardiac arrhythmia.

This study suggests a relationship between remimazolam and POD, delirium severity, and long-term cognitive 
function, as well as highlighting its role in patients with dyslipidemia. Our previous prospective cohort study revealed 

Figure 5 Johnson–Neyman analysis. The red area of the graph indicates a nonsignificant (n.s.) moderating effect, and the blue area shows a significant negative moderating 
effect of remimazolam dose on arrhythmia versus POD (P<0.05). The X-axis shows the dose of remimazolam, and the Y-axis represents the value of the simple slope effect 
of arrhythmia on POD. 
Abbreviation: POD, Postoperative delirium.
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that POD incidence was 8.9% higher and the duration of delirium was longer in patients with hyperlipidemia than in 
those without.9 Lin et al32 also demonstrated that an increase in serum TGs, TC, and LDL-C concentrations was a risk 
factor for POD development.

Recent studies have shown that the use of remimazolam during general anesthesia in older patients with lower limb 
fractures reduces POD risk and is independently associated with POD incidence.15,33 This is consistent with our results, 
further supporting the potential protective effects of remimazolam on POD development. In contrast to prior observa
tional studies, we used a target trial emulation method, constructed a counterfactual framework, and employed double 
robust estimation based on real-world data, effectively controlling for confounding bias commonly seen in observational 
studies, thereby providing a less biased assessment of the true therapeutic effect of remimazolam.

The pathological elevation of TGs and TC in hyperlipidemia can disrupt the blood–brain barrier, induce inflammation 
and oxidative stress, accelerate the formation of arterial plaques, and increase the risk of neurodegenerative diseases.34 

However, previous studies have reported that remimazolam can reduce neuroinflammation and improve cognitive 
function,13,14 which explains the significant protective effect of remimazolam in the subgroup analysis of individuals 
with abnormal lipid profiles in this study.

This dose-dependent protective effect may be attributed to remimazolam’s unique pharmacological profile. As a short- 
acting benzodiazepine sedative, remimazolam is hydrolyzed by tissue carboxylesterase and offers a short elimination half- 
life, a small steady-state volume of distribution, and a relatively high clearance rate.35 Remimazolam may have some anti- 
inflammatory properties and cognitive protection,14 which are more fully exploited at higher doses, reducing the potential 
risk of delirium from other anesthetics or insufficient depth of anesthesia. Our study also suggests that the prophylactic effect 
of remimazolam on POD is dose- and dosing strategy-dependent, and the dose should be individually adjusted according to 
population characteristics and dosing regimens to maximize its neuroprotective benefits in clinical applications.

Cardiac arrhythmias can lead to cognitive dysfunction36 and perioperative arrhythmias, to large intraoperative 
hemodynamic fluctuations.37 Results from a prospective cohort study have shown that blood pressure fluctuations during 
surgery are associated with early POD.38,39 In patients with arrhythmia undergoing cardiac radiofrequency ablation, 
remimazolam reduces the incidence of hypotensive events and the need for vasopressor medication.40 Therefore, in the 
anesthetic management of patients with cardiac arrhythmias, remimazolam may be the optimal choice for reducing POD 
incidence by stabilizing the hemodynamics and reducing the risk of hypotension.

This study has some limitations. The retrospective design may entail unmeasured confounding factors; therefore, even 
after adjusting for known confounders, the effect size of remimazolam might still be influenced by residual confounding. 
The dose–response relationship observed in the study is suggestive; however, confirmation will require further prospec
tive validation.

Conclusion
Based on current evidence, administering an appropriate dose of remimazolam (total dose ≥10.29 mg; maintenance 
infusion rate ≥0.51 mg kg−1 h−1) during general anesthesia in patients with hyperlipidemia reduces POD incidence and 
severity and improves long-term cognitive function, as confirmed using a target trial emulation. Further multicenter 
prospective trials are warranted to validate these findings and optimize dosing strategies for metabolically high-risk 
surgical populations.

Abbreviations
ASA, American Society of Anesthesiologists; aRD, Adjusted risk difference; BMI, Body mass index; CI, Confidence 
intervals; HDL-C, High-density lipoprotein-cholesterol; LDL-C, Low-density lipoprotein-cholesterol; OR, Odds ratios; 
PACU, Post-anesthesia care unit; POD, Postoperative delirium; TC, Total cholesterol; TG, Triglyceride; 3D-CAM, 
3-Minute Diagnostic Interview for Confusion Assessment Method.
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