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The influence of dynamic trajectories of red blood cell distribution width on 

prognosis in sepsis patients：a longitudinal study with external validation

Background: Sepsis is a highly heterogeneous syndrome, and static clinical data do not provide a comprehensive characterization 
of the full spectrum of patient conditions. This study investigated sepsis subtypes based on the dynamic trajectory of red cell 32

distribution width (RDW) aiming at better risk stratification of patients. 

Methods: This retrospective study included a derived cohort of sepsis patients from the Medical Informatics Marketplace 
Intensive Care Database (MIMIC IV) and an external validation cohort of sepsis patients from the First Affiliated Hospital of AnHui 
Medical University department of Critical Care medicine Data Mart (AHCCDM) between January 2019 and June 2025. Latent Class 
Trajectory Modeling (LCTM) was employed to identify distinct RDW trajectories over the first 5 days following ICU admission. We 39

compared the clinical characteristics and outcomes of patients in these subphenotypes to evaluate the prognostic significance of 
RDW trajectory patterns in sepsis. 

Results: A total of 20,485 sepsis patients from the MIMIC-IV database were included in the study as the derived cohort, and 627 
sepsis patients from the AHCCDM dataset served as the external validation cohort. Based on the RDW trajectory analysis, three 44

different subtypes were identified, Class 1: stable, normal RDW; Class 2: rapidly increasing and severely abnormal RDW; Class 3: 
stable, elevated RDW. Among them, the clinical characteristics of patients in category 2 included higher severity, more 47

severe inflammatory response, and more severe organ damage. Using Kaplan-Meier survival curve analysis to compare the 
incidence of the primary outcome between groups, patients with class 2 sepsis had a significantly higher risk of death at 30, 60, 50

and 90 days than class 3 and 1. External validation revealed that the RDW trajectories were also classified into three distinct 
groups, with patients in all three groups exhibiting similar mortality trends. 

Conclusion: Dynamic RDW trajectories identify distinct sepsis subphenotypes associated with disease severity and mortality. 
Serial RDW monitoring may serve as a simple tool for early risk stratification and individualized sepsis management. 

Keywords: RDW, Sepsis, Mortality, Trajectories analysis 

Background 

Sepsis is a dysregulation of the inflammatory response to infection, leading to multiple organ dysfunction[1]. Mortality and 
morbidity from sepsis affect millions of people worldwide, in both developing and developed countries[2]. In recent years, some 
progress has been made in intensive treatment of sepsis and intensive care models, but the mortality rate of septic patients, 
especially those with septic shock, is remain high[3]. However, sepsis is complex and dynamically changing, static indicators 
do not represent the overall course of disease progression, and there is a lack of dynamic clinical biomarkers that can be widely 
used in the early assessment of sepsis. Red cell distribution width (RDW) is a simple and easy-to-obtain counting value in routine 
blood tests, which reflects the size and dispersion of red blood cells and is often used in the differential diagnosis of anemia, and 
is calculated by dividing the standard deviation (SD) of red blood cell volume by the average red blood cell volume and expressing 
the result as a percentage, The normal range is 11%~15%[4]. Recent studies have shown that RDW is also associated with the 
prognosis of patients with heart failure, acute myocardial infarction, pulmonary embolism, critical illness, and cardiac arrest.
The pathophysiological mechanisms associated with RDW and the above mentioned diseases have not been very well explained, 
and most of the studies have hypothesized that the above mentioned pathological processes are associated with inflammatory 
responses and oxidative stress[5-7]. Sadaka et al [8]found in their study, there is a correlation between the incidence of sepsis 
and RDW. Wang [9]et al found that RDW was an independent predictor of hospitalized mortality in elderly patients with sepsis. 
Elevated RDW is associated with inflammatory biomarkers[10], and its levels increase in response to oxidative stress [11]. 
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Inflammation can impair iron metabolism, promote erythrocyte apoptosis, suppress erythropoietin production, and inhibit 
bone marrow hematopoiesis[12, 13], all of which contribute to elevated RDW levels. A study reported that RDW has moderate 
discriminatory power for mortality in critically ill patients[14], suggesting that RDW may be a potential biomarker for assessing 
the severity of sepsis. However, the progression of sepsis is dynamic, while most existing clinical studies have focused on the 
prognostic significance of static RDW measurements[8, 9, 14]. Therefore, the aim of this study was to investigate the association 
between dynamic changes in the readily available biomarker RDW and long-term prognosis in patients with sepsis, and to provide 
valuable insights for guiding clinical decision-making by evaluating the potential mediating role of RDW dynamics in survival 
outcomes. 

Materials and Methods 

Data source 

This study was a retrospective observational study based on two independent cohorts. The primary (derivation) cohort was 
obtained from the Medical Information Mart for Intensive Care IV (MIMIC-IV, version 3.1) database, a large, freely accessible 
critical care database developed by the Massachusetts Institute of Technology and the Beth Israel Deaconess Medical Center. 
The database contains comprehensive electronic health records of 546,028 hospital admissions and 94,458 ICU stays between 
2008 and 2019. Access to the MIMIC-IV database requires completion of the “Protecting Human Subjects Research” training 
and signing of a data use agreement. The use of the MIMIC-IV database was approved by the Institutional Review Boards of the 
Beth Israel Deaconess Medical Center (2001-P-001699/14) and the Massachusetts Institute of Technology (No. 0403000206), with a 
waiver of informed consent because all patient data are fully de-identified. Therefore, no additional ethical approval was required 
for this study. The external validation cohort was derived from the Data Mart of the Department of Critical Care Medicine at the 
First Affiliated Hospital of Anhui Medical University (AHCCDM, Hefei, China), which includes clinical data from patients admitted 
to the ICU between January 2019 and June 2025. The study protocol was reviewed and approved by the Ethics Committee of 
the First Affiliated Hospital of Anhui Medical University (Approval No.Ethics Review: Fast Track PJ2024-02-24). Since this study 
was retrospective and utilized de-identified patient data, the requirement for informed consent was waived. All methods were 
conducted in accordance with relevant guidelines and regulations. The clinical trial number for this study is not applicable. 

Study design and eligible criteria 

All patients with a diagnosis of sepsis in the MIMIC database and AHCCDM dataset were eligible for inclusion in this study. Patients 
with sepsis who met any of the following criteria were excluded: (1) absence of multiple RDW measurements within the first 5 days 
of ICU admission; (2) age under 18 years; (3) ICU length of stay less than 24 hours; or (4) not the first ICU admission. To ensure the 
accuracy of the analysis, patients with an ICU stay of less than 24 hours were excluded, as such a short stay may not adequately 
capture the true trajectory of RDW changes over the 5-day period. 

Variables Measurement and Outcomes 

Longitudinal RDW trajectories for 5 days after ICU were included and summarized daily. If there were multiple measurements in a 
single day, the worst value was used for analysis. Variables included age, gender, vital sign measurements [(heart rate, respiration, 
temperature, MAP, oxygen saturation (SpO2)], comorbidities (hypertension, diabetes mellitus, cardiac, pulmonary, and renal 
diseases, etc.), laboratory investigations (white blood cell count, lymphocyte count, erythrocyte count, erythrocyte distribution 
width, platelet count, aspartate aminotransferase, alanine aminotransferase, total bilirubin, creatinine , urea nitrogen, lactate, PT 
and APTT, etc.), SAPSII score, SOFA score, and length of hospitalization. The outcomes of this study were 30-day mortality, 60-day 
mortality and 90-day mortality. With or without mechanical ventilation and with or without CRRT. 

Statistical analysis 

Latent Class Trajectory Model Development 

In the cohort, a latent category trajectory model (LCTM) was used to identify subcategories of septic patients based on the 
trajectory of RDW measurements 5 days after ICU admission. The selection of the optimal model was guided by several key 
reference criteria[15, 16]: (1) Bayesian information criterion (BIC), which measures model complexity and goodness-of-fit, where 
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lower values indicate better fit; (2) to confirm clinical significance and robust results of statistical analyses, it was ensured that 
each trajectory group included at least 2% of the participants to maintain statistical significance; and (3) Akaike's information 
criterion (AIC), which, similarly to BIC, assesses model fit, but emphasizes fit over complexity, making it more appropriate for 
smaller sample sizes; (4) Entropy measures the degree of separation between trajectory groups within the model. Higher entropy 
values indicate more pronounced group distinctions, usually ranging from 0 to 1. Values greater than 0.8 are considered optimal. 
The final model will provide a posteriori categorized individual category membership probabilities for each patient trajectory, 
which will result in division into subcategories and the next step in the analysis. The 5-day RDW levels in ICU septic patients have 
a very complex fluctuation patterns, making it insufficient to differentiate these patients based solely on baseline RDW levels. 
To address this limitation, the area under the receiver operating characteristic curve (AUROC) was calculated to evaluate the 
performance of the model. Model interpretation was performed using the SHapley Additive exPlanations (SHAP) algorithm. 

Clinical Characteristics and Outcomes Compared Between Trajectory Model 

Subclasses 

Continuous variables following a normal distribution are presented as mean ± standard deviation (SD), and differences between 
groups are assessed using the t-test. Non- normally distributed variables are expressed as interquartile range (IQR), with group 
comparisons performed using the Wilcoxon rank-sum test. Categorical variables are reported as counts and percentages, and 
compared using the chi-square test. Patients are classified according to dynamic trajectory models, and survival differences are 
analyzed using Kaplan-Meier curves and the log-rank test. Multiple Cox proportional hazards models are applied to evaluate the 
association between dynamic RDW trajectories and clinical outcomes. Mediation analysis is conducted to assess the potential 
mediating role of dynamic RDW trajectories in survival outcomes among sepsis patients. Subgroup analyses are performed 
to explore potential effect modifiers, including gender, age, and comorbidities. Multivariate imputation for missing data is 
conducted using the "mice" package, and latent class trajectory modeling (LCTM) is performed using the "lcmm" package. The 
SHAP algorithm is applied using the "SHAPforxgBoost" package. All statistical analyses are conducted using R (version 4.5.0), with 
visualizations generated using the "ggplot2" package. A two-tailed p-value of <0.05 is considered statistically significant. 

Results 

Construction of a dynamic trajectory model for RDW 

The study included 31,911 adult sepsis patients who were first admitted to the ICU in MIMIC-IV, excluded 202 who stayed in the 
ICU for less than 24 hours, 11,224 who did not have five consecutive days of RDW tests, and finally 20,485 sepsis patients who 
were included in the study (Supplementary Figure1A). In this study, trajectory analysis of RDW was performed using the lcmm 
package for patients who met the inclusion criteria during the first 5 days of ICU admission. The package conducted trajectory 
modeling using parametric criteria, including the Bayesian Information Criterion (BIC), Akaike Information Criterion (AIC), entropy, 
and the proportion of patients assigned to each subgroup (Supplementary Table 1). The optimal number of trajectories 
was determined by selecting the model with the lowest BIC, while ensuring adequate posterior class probabilities (>0.80) and 
sufficient class size ( ≥ 2% of the study population). Based on these criteria, the 3-class model (LCTM-3) was identified as the 
final model. A total of 20,485 patients with sepsis who met the criteria were ultimately enrolled in this study, and the trajectories 
were categorized into 3 categories based on changes in Red blood cell distribution width (RDW) trajectories (Figure 1). The first 
trajectory, Class 1: Low Stabilization, represented patients whose RDW remained stable around 15%. The second trajectory, 
labeled Class 2: Rapid Increase, included patients whose RDW fluctuated at abnormally elevated levels, ranging from 17% 
to 20%. The third trajectory, labeled Class 3: Stable at High Levels, represented patients whose RDW remained persistently 
elevated between 17% and 18%. The proportions of patients in Class 1, Class 2, and Class 3 were 76.13%, 20.92%, and 2.95%, 
respectively. 

Baseline characteristics of patients 

The baseline characteristics of the three RDW trajectory groups are presented in Table 1.The mean age of the sepsis patients in 
this study was 66.36 years and 11,826 (57.73%) were male. Category 1 included the largest number of patients, while patients in 
Categories 2 and 3 had more severe underlying diseases, with higher prevalence rates of mild liver disease and renal disease at 
baseline compared to Category 1. Patients in Category 2 exhibited more pronounced abnormalities in vital signs and laboratory 
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parameters, including poorer oxygenation, higher lactate levels, lower hemoglobin and platelet counts, and worse liver function, 
renal function, and coagulation indices. In terms of disease severity, Charlson Comorbidity Index, SOFA score, and SAPS II score 
were higher in Categories 2 and 3 compared to Category 1, with Category 2 representing the most severe condition. Detailed 
baseline characteristics for all patients are presented in 

Table 1. 

Outcomes between subgroups of the RDW trajectory model 

In terms of in-hospital 30-day, 60-day, and 90-day mortality, Category 2 patients had the highest mortality rates, followed by 
Category 3 and then Category 1. The rate of mechanical ventilation use was highest in Category 3, followed by Category 2, 
and lowest in Category 1. Regarding acute kidney injury (AKI), the incidence was highest in Category 3, followed by Category 
2, and lowest in Category 1. However, the utilization rate of continuous renal replacement therapy (CRRT) was highest among 
Category 2 patients, followed by Category 3, and was significantly lower in Category 1 compared to Categories 2 and 3( Table 1) 
Relationship between RDW trajectory and prognosis Based on the trajectory model subgroups, Kaplan-Meier survival curve 
analysis was performed to compare the incidence of the primary outcome among the different groups (Figure 2).The risk of 30-
day mortality faced among patients with sepsis in category 2 was significantly higher than in categories 3 and 1, with category 1 
having the lowest risk of mortality (log-rank p < 0.001), as shown in Figure 2A. The cumulative risk curves, illustrated in Figure 
2B, demonstrated a continuously increasing cumulative risk of death over time for patients in Category 2, which was substantially 
higher than that observed in Category 3, while patients in Category 1 showed the slowest increase in cumulative mortality risk. 
In addition, similar findings were observed when plotting the 60-day Kaplan-Meier survival curves and cumulative risk curves, as 
shown in Supplementary Figures 2A and 2B, respectively. Consistent results were also obtained for the 90-day Kaplan-Meier 
survival curves and cumulative risk curves, as shown in Supplementary Figures 3A and 3B, respectively. 

Sensitivity analysis 

The research team constructed four Cox regression models to validate the association between RDW trajectories and patient 
outcomes (Table 3). In Model 1, which was unadjusted, patients in Category 2 had a significantly higher risk of 30-day mortality 
compared to those in Category 1 (all p < 0.05), with RDW being the most significant predictor [hazard ratio (HR) = 2.103, 95% 
confidence interval (CI): 1.954–2.263, p < 0.001]. Patients in Category 3 also showed a significantly elevated mortality risk [HR 
= 1.683, 95% CI: 1.406–2.013, p < 0.001]. In Model 2, after adjusting for age and gender, patients in Category 2 remained at 
significantly increased risk of 30-day mortality relative to Category 1 [HR = 2.154, 95% CI: 2.001–2.318, p < 0.001], while patients in 
Category 3 continued to show elevated risk [HR = 1.762, 95% CI: 1.473– 2.108, p < 0.001]. Model 3 further adjusted for comorbidities, 
including chronic pulmonary disease, congestive heart failure, mild liver disease, diabetes, and renal disease. After adjustment, 
the association remained significant for both Category 2 [HR = 1.913, 95% CI: 1.772–2.064, p < 0.001] and Category 3 [HR = 1.567, 
95% CI: 1.308– 2.064, p < 0.001]. Finally, Model 4 included additional adjustments for disease severity using SOFA and SAPS II 
scores. Even after full adjustment, RDW trajectories remained significantly associated with 30-day mortality for both Category 2 [HR 
= 1.756, 95% CI: 1.626–1.896, p < 0.001] and Category 3 [HR = 1.370, 95% CI: 1.143–1.643, p = 0.001] compared to Category 1. These 
findings are consistent with the trends observed in the Kaplan-Meier survival analysis. Similarly, four multivariable Cox regression 
models were constructed to assess the association between RDW trajectories and 60- day and 90-day survival, and the results 
remained consistent, as presented in Table 2. 

Model Performance and Explanation for Classifier to Identify Class 2 Patients 

Based on the XGBoost algorithm, the classifier was trained by developing and validating a cohort combination dataset to recognize 
data labeled as “Class 2: Fast Growth”.The final model showed strong discriminative performance with an AUROC of 0.7821 for 
the training set and 0.7963 for the training set (Figure 3A). Feature importance evaluation using the SHAP algorithm indicated 
that hemoglobin, total bilirubin, red blood cell count, prothrombin time (PT), and mild liver disease were the most influential 
predictors for identifying Class 2 sepsis patients in the XGBoost classifier (Figure 3B). 

External validation 

To validate our grouping method, we applied the same procedure to 627 patients with sepsis from the First Affiliated Hospital of 
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AnHui Medical University department of Critical Care medicine Data Mart (AHCCDM) . The patient selection flowchart is shown 
in Supplementary Figure 1B. The optimal number of trajectories was determined through trajectory modeling based on 
parametric criteria including the Bayesian Information Criterion (BIC), Akaike Information Criterion (AIC), entropy values, and 
patient proportions across subgroups (Supplementary Table 2). The three- category model (LCTM-3) was ultimately selected 
as the final model. In the validation cohort, Supplementary Table 3 summarizes baseline characteristics and outlines outcomes 
for subgroups of the RDW trajectory. RDW trajectories consistent with the derived cohort were obtained in the validation cohort, 
also categorized into three groups. Patients across the three groups exhibited similar trends in mortality rates. Category 1 
(“Low Stability,” 55.98%), Category 2 (“Rapid Increase,” 29.82%), and Category 3 (“ High Stable,” 14.19%), as depicted in 
Supplementary Figure 4. Category 2 demonstrated the poorest 30-day survival rate, followed by Category 3, while Category 1 
exhibited the highest survival rate (log-rank P<0.001), as shown in Supplementary Figure 5. To further evaluate the prognostic 
significance of RDW trajectories in patients with sepsis from the validation cohort, a Cox proportional hazards model was 
constructed using a stepwise approach to adjust for potential confounders (Supplementary Table 4). In the unadjusted model 
(Model 1), patients in Category 2 exhibited a significantly higher 30-day mortality risk compared to those in Category 1 (HR = 
7.284, 95% CI: 5.086–10.431, p<0.001). This association remained significant after sequential adjustment for age and sex (Model 2), 
comorbidities (hypertension, diabetes, coronary heart disease, kidney disease, malignancy, and cerebrovascular disease) (Model 
3), and further adjustment for disease severity indicators (SOFA score and APACHE II score) (Model 4) (HR=5.998, 95% CI: 4.081– 
8.816, p < 0.001).Conversely, patients in Category 3 showed no statistically significant difference in 30-day survival compared to 
Category 1 across all models (p > 0.05). 

RCS curve 

Lastly, RCS was employed to further explore the average RDW values over the first five days associated with lower mortality risk 
(Figure 4). RDW values exhibited a nonlinear relationship with mortality (P<0.001). In the MIMIC-IV database, the association 
between RDW and mortality in patients with sepsis exhibited a J-shaped curve: 30-day, 60-day, and 90-day mortality trends are 
shown in Figures 4A, 4B, and 4C, respectively, with higher mortality risk observed when RDW exceeded 13%. In the AHCCDM 
database, the relationship between RDW values and 30-day mortality in sepsis patients showed a nonlinear pattern: mortality risk 
increased when RDW exceeded 12%, but did not increase further when RDW exceeded 20%(Figure 4D). Discussion In this cohort 
study, In this cohort study, latent class trajectory modeling (LCTM) was utilized to analyze the 5-day RDW trajectories among 
patients with sepsis, resulting in the identification of three distinct trajectory classes. We identified and externally validated 
three distinct RDW trends. Compared with patients exhibiting a stable, low- level RDW trajectory (Class 1: Low Stable), those 
with rapidly increasing RDW (Class 2: Rapidly Increasing) and persistently elevated RDW (Class 3: Stable Elevated) trajectories 
demonstrated significantly poorer prognoses. Notably, the Class 2 trajectory, characterized by rapidly rising RDW levels, was 
most strongly associated with adverse clinical outcomes, including higher ICU and hospital mortality rates and prolonged ICU 
stays. Furthermore, while the incidence of acute kidney injury (AKI) was highest in Class 3, patients in Class 2 had the highest 
utilization rate of continuous renal replacement therapy (CRRT). These trajectories were also reproducible within the First 
Affiliated Hospital of AnHui Medical University department of Critical Care medicine Data Mart (AHCCDM) used in this study. The 
identification of these distinct RDW trajectories underscores the dynamic nature of this biomarker and suggests its potential 
utility in guiding clinical decision-making and patient management in ICU settings. RDW, as a routine laboratory parameter, is 
widely available and easily accessible in ICU settings, and existing evidence suggests that RDW serves as a reliable predictor 
of in-hospital mortality[14,17-20]. The relationship between RDW and clinical outcomes can be attributed to the underlying 
pathophysiological mechanisms of sepsis and critical illness. RDW measures the variability in red blood cell size [21], which may 
reflect inflammation, oxidative stress, and microvascular dysfunction. Sepsis is characterized by systemic inflammation, which 
affects red blood cell production and morphology, leading to changes in RDW[22, 23]. Consequently, RDW trajectories may 
reflect both the severity of illness upon ICU admission and subsequent disease progression dynamics. Time-dependent ROC 
analyses have also demonstrated good predictive accuracy of RDW levels for sepsis-related mortality[24, 25]. Although previous 
studies have reported using serial RDW measurements [26, 27], longitudinal analyses examining RDW trajectories have not been 
adequately explored. Since RDW is dynamic and fluctuates over time, measuring RDW at multiple time points can more accurately 
reflect its prognostic significance compared to a single baseline measurement. In a previous study evaluating the prognosis of 
203 patients with sepsis, RDW values were measured at admission and again at 24-hour, 48-hour, 72- hour, and 7-day intervals, 
demonstrating a positive correlation between elevated RDW and ICU mortality[26]. However, simply using RDW values at several 
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discrete time points to assess RDW levels overlooks the longitudinal trends of RDW during the follow-up period. This approach 
does not account for temporal variations, lacks stratification of RDW trajectories, and fails to compare dynamic changes across 
different patient subgroups. In a study conducted in China investigating the association between dynamic RDW changes and 
the development of disseminated intravascular coagulation (DIC) in sepsis patients[28], all RDW measurements obtained during 
hospitalization were used to calculate both the standard deviation of RDW (RDW-SD) and the rate of RDW increase. The results 
demonstrated that when the RDW increase rate reached or exceeded 6%, there was a continuous rise in both DIC incidence and 
mortality. However, this study only summarized RDW using descriptive statistics such as mean, maximum, and minimum values, 
without modeling or visualizing the longitudinal trajectories of RDW. As a result, it could not fully capture the complex and 
dynamic nature of RDW fluctuations in sepsis patients. Previous studies [28-31]have focused on static measurements of the RDW, 
which may not accurately reflect the dynamic pathophysiologic changes that occur during the development of sepsis. Our present 
study highlights the prognostic significance of RDW trajectory patterns in the management of sepsis, highlighting the need for 366

continuous monitoring and individualized therapeutic strategies based on dynamic changes in RDW rather than relying solely 
on static baseline values. In this study, stratification of RDW by exploring the erythrocyte distribution width (RDW) trajectories 
of sepsis patients with different clinical characteristics and prognosis under  different RDW trajectories has provided new 
insights into the heterogeneity of sepsis. The identification of different RDW trajectories represents a significant advance in 
the characterization of sepsis subtypes and fills an important gap in our current understanding. Limitations: This retrospective 
study has inherent limitations that make it difficult to establish a causal relationship between RDW trajectories and clinical 
outcomes in patients with sepsis. Although the MIMIC-IV and AHCCDM databases provide comprehensive clinical information 
sources, reliance on electronic health records may introduce potential biases related to data accuracy, completeness, and missing 
information. Notably, the AHCCDM database cannot directly determine 30-day mortality, requiring estimation based on discharge 
summaries. In this study, successful discharge was defined as survival, while discharge for other reasons and automatic discharge 
due to treatment abandonment were classified as death. This approach may influence outcomes. Furthermore, unmeasured 
or residual confounding variables not fully accounted for in the analysis may have affected the observed association between 
RDW trajectories and mortality. Prospective studies are needed to validate these findings and further investigate the underlying 
biological mechanisms driving the observed correlations in this study. 

Conclusion

In critically ill patients with sepsis, longitudinal monitoring of RDW may serve as a simple and readily available biomarker to 
facilitate early risk stratification and individualized management. Dynamic RDW trajectories offer more informative prognostic 
value compared to baseline measurements. Prospective studies are warranted to validate these findings and further elucidate the 
underlying mechanisms driving RDW alterations in sepsis. 
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Model 1 was a non-adjusted model 

Model 2 was adjusted for age, gender 

Model 3 was adjusted for the same parameters as Model 2 with additional adjustments for comorbidities of chronic pulmonary 
disease、congestive heart failure、mild liver disease、diabetes and renal disease Model 4 was adjusted for the same parameters 
as Model 3 with additional adjustments for SOFA score and SAPSII 

score 

HR, hazard ratio; 95% CI, 95% confidence interval. The bold values indicate statistically significant values (p < 0.05) 

Figure Legends 

Figure 1. Latent class trajectory analysis of red blood cell distribution width (RDW) in patients with sepsis.
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Figure 2. 30-day Kaplan-Meier survival curves(A) and cumulative risk curves (B)by RDW trajectory class in patients with sepsis.

Figure 3. Performance and key features of the XGBoost model for recognizing Type 2 RDW trajectories(A: AUROC performance of 
the model in the training and validation sets; B: SHAP plot).

Figure 4. RCS curves showing the association between the mean RDW value in the first 5 days and the risk of 30-day (Figure 
4A), 60-day (Figure 4B), and 90-day (Figure 4C) mortality in sepsis patients from the MIMIC IV database. RCS curve showing the 
association between the mean RDW value in the first 5 days and the risk of 30-day mortality (Figure 4D) in sepsis patients from the 
AHCCDM database.



016     CCCC 2026



CCCC 2026     017

肺部共生狄氏副拟杆菌来源的 γ- 亚麻酸改善铜绿假单胞菌肺炎预后的机制研究

类别 :// 基础研究：涉及重症相关问题的基础研究

探究肺部共生菌及其代谢产物在铜绿假单胞菌肺炎中的局部免疫调控作用，系统阐明“共生菌 - 代谢物 - 宿主免疫”的完整分子通路，并
基于此机制探索具有临床转化价值的靶向治疗方案。

本研究遵循“临床发现问题—功能验证—机制解析—转化探索”的递进逻辑：①收集铜绿假单胞菌 VAP 患者下呼吸道分泌物，通过 16S 
rRNA 测序、PICRUSt2 功能预测及 GC-MS 代谢物定量，筛选并验证与患者预后相关的关键菌群和代谢物；②利用小鼠菌群清除、宿主
GLA 合成抑制及肺部菌群移植回补等实验，明确肺内 γ- 亚麻酸（GLA）的组织来源；③结合同源建模、分子对接及大肠杆菌异源过表达技术，
鉴定狄氏副拟杆菌（P. distasonis）合成 GLA 的关键酶；④运用流式细胞术、氯膦酸盐脂质体清除、转录组测序和表面等离子体共振等技
术，明确 GLA 作用的靶细胞及其分子靶点；⑤制备 DPPC-GLA 脂质体雾化系统，比较雾化吸入与口服给药的时效差异；⑥在金黄色葡萄
球菌和肺炎克雷伯菌肺炎模型中验证 GLA 的广谱抗感染效能。

①临床发现，存活组患者下呼吸道 P. distasonis 检出率、菌群 GLA 合成潜能及局部 GLA 浓度均显著高于死亡组，GLA 水平与 SOFA/
APACHE II 评分呈负相关。②肺内 GLA 主要来源于肺部共生菌的原位合成，而非肝脏供给。③鉴定出 P. distasonis 中 fabF 基因编码的
FabF 蛋白具有 Δ6- 去饱和酶活性，是催化 GLA 合成的关键酶。④ GLA 作为天然配体直接结合并激活肺泡巨噬细胞内的 PPARγ，一方面
促进巨噬细胞增殖以增加细胞数量，另一方面增强单个细胞的吞噬和胞内杀菌功能。⑤ DPPC-GLA-Liposome 雾化系统单次给药可在 24
小时内实现肺部 GLA 快速蓄积，起效速度和便捷性均显著优于需连续 7 天预处理的口服给药。⑥ GLA 对金黄色葡萄球菌和肺炎克雷伯菌
肺炎同样具有显著的保护效果，表明该免疫调节策略具有广谱抗感染潜力。

肺部共生 P. distasonis 通过其 FabF 蛋白在感染局部原位合成 GLA，GLA 通过激活肺泡巨噬细胞 PPARγ 信号轴，协同增强巨噬细胞的
数量和功能，从而改善铜绿假单胞菌肺炎预后。该机制驱动的免疫防御策略对多种呼吸道病原体均有效，基于此开发的雾化吸入 DPPC-
GLA-Liposome，因其快速起效和靶向递送优势，为耐药菌肺炎的临床治疗提供了一种具有良好转化前景的新方案。

姓名：张莉，陶哲影，张博顺，徐静，柒晓玲，刘嘉琳

单位：上海交通大学医学院附属瑞金医院
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AARS1/HDAC2 失衡介导 IDH2 乳酸化驱动铁死亡在脓毒症相关肌肉萎缩中的作用机制

类别 :// 基础研究：涉及重症相关问题的基础研究

（1） 明确脓毒症高乳酸微环境是驱动肌萎缩发生的始动因素；确证铁死亡是导致肌肉质量丢失的主导性死亡方式。

（2）明确 IDH2 K413 乳酸化修饰是介导高乳酸致肌萎缩的关键靶点；阐明该修饰通过抑制 IDH2 酶活并破坏氧化还原稳态（NADPH/
GSH），驱动铁死亡发生的分子机制。

（3）阐明脓毒症高乳酸环境下，AARS1 线粒体异常积累（Writer 增强）与 HDAC2 表达缺失（Eraser 减弱）协同驱动 IDH2 异常修饰的“双
重酶系失衡”机制。

（4）验证靶向“AARS1-IDH2”轴的 AAV 基因干预对脓毒症肌萎缩的治疗潜力；评估 IDH2 乳酸化水平作为 SAMA 早期诊断及预后判断生
物标志物的临床价值。

方法 : 

(1) 选取 8-10 周龄 C57BL/6J 雄性小鼠，随机分为 Sham 组和 CLP 组，采用盲肠结扎穿孔术（CLP）构建脓毒症肌萎缩模型。术后每日监
测小鼠体重变化，利用前肢抓力测定仪检测肌肉功能，并记录术后 0-96 小时生存率，旨在评估脓毒症导致的机体分解代谢状态。采集胫
骨前肌（TA），采用 H&E 染色及 WGA 荧光染色观察肌纤维形态，利用 MyHC-F/S 免疫荧光分型技术统计不同类型肌纤维比例，旨在明
确肌萎缩是否具有糖酵解纤维（Type II）特异性。利用 Western blot 检测肌肉组织中 E3 泛素连接酶（Atrogin-1, MuRF1）的表达，同时
在术后 24 小时及 96 小时分别检测血清及肌肉内的乳酸浓度，分析高乳酸微环境与肌萎缩发生的相关性。

 (2) 提取小鼠全肌肉蛋白，利用泛乳酸化抗体（Pan-Kla）进行 Western blot 检测，旨在分析脓毒症状态下肌肉蛋白质组的整体乳酸化修
饰水平变化。制作肌肉组织超薄切片，利用透射电镜（TEM）观察线粒体膜密度增加、嵴断裂及外膜破裂等特征，旨在从超微结构层面捕
捉铁死亡迹象。采用生化试剂盒检测肌肉组织中的 MDA、亚铁离子（Fe²+）、GSH 及 GSH/GSSG 比值，利用 Western blot 检测 GPX4、
SLC7A11、FTH1、ACSL4、TFRC 等核心标志物及 Caspase-3/p-MLKL，旨在综合确立脓毒症肌纤维的主导死亡方式。

(3) 在 C2C12 肌管模型中，利用 LPS 联合 LDH 抑制剂（草氨酸钠）或外源乳酸钠（Na-Lac）处理，旨在构建具有不同乳酸梯度的细胞模型。
利用 Western blot 检测不同处理组细胞内乳酸水平与 Pan-Kla 丰度及 GPX4 表达的关系，旨在分析乳酸积累与乳酸化水平及抗氧化蛋白
丢失的相关性。利用倒置荧光显微镜进行 C11-BODIPY（脂质 ROS）和 FerroOrange（亚铁离子）活细胞成像及 ATP 测定，评估干预乳
酸代谢（阻断或加重）对肌细胞铁死亡敏感性及供能状态的直接影响。结合 MyHC 免疫荧光染色及萎缩基因（Atrogin-1, MuRF1）检测，
验证阻断乳酸生成对 LPS 诱导肌管萎缩的挽救作用。

结果 : 

(1) 脓毒症肌萎缩伴随持续的高乳酸微环境与糖酵解纤维特异性损伤

为了明确脓毒症肌萎缩的代谢特征，我们构建了小鼠盲肠结扎穿孔（CLP）脓毒症模型。生存分析显示 CLP 组小鼠术后 96 小时死亡率约
为 50%（图 1A）。存活小鼠表现出严重的分解代谢表型，前肢抓力显著下降，胫骨前肌（TA）湿重 / 体重比降低（图 1B-C）。H&E 染
色及 WGA 荧光染色定量分析显示，CLP 组肌纤维横截面积（CSA）显著减小，且呈现向小直径偏移的趋势（图 1D-F）。此外，Western 
blot 结果证实，CLP 组小鼠肌肉中经典萎缩蛋白（Atrogin-1 和 MuRF1）的表达水平显著上调（图 1G）。进一步利用 MyHC-I/II 免疫荧光
染色分析发现，CLP 组糖酵解型（Type II）肌纤维的比例显著减少（图 1H）。代谢检测结果显示，CLP 组小鼠血清及肌肉组织内的乳酸
浓度在术后 24 小时显著升高（图 1I-J）。

(2) 铁死亡是脓毒症肌纤维的主导性死亡方式

为了探究细胞死亡的具体形式，我们利用透射电镜（TEM）观察发现，CLP 组线粒体呈现典型的铁死亡特征：体积皱缩、膜密度增加、
嵴断裂消失（图 2A）。生化检测显示，肌肉组织中脂质过氧化产物 MDA 及亚铁离子（Fe2+）水平显著升高，而抗氧化剂 GSH 与 GSH/
GSSH 比值降低（图 2B）。Western blot 结果证实，铁死亡核心护盾 GPX4 、FTH1 及 SLC7A11 蛋白水平显著下调，而促铁死亡蛋白 
ACSL4 及 TFRC 上调（图 2C）。

姓名：彭渝皓
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(3) 细胞内乳酸累积直接驱动泛乳酸化修饰升高与线粒体铁死亡

为了确证高乳酸微环境对肌细胞的直接毒性作用，我们通过药理学手段正反向调控 C2C12 肌管内的乳酸水平。在 LPS 模拟脓毒症炎症背
景下，我们分别给予 LDH 抑制剂草氨酸钠（Sodium Oxamate）以阻断内源性乳酸生成，或额外添加外源性乳酸钠（Na-Lac）以加剧乳
酸负荷。Western blot 结果证实，泛乳酸化修饰（Pan-Kla）丰度与细胞内乳酸负荷水平呈正向协同关系，而抗氧化蛋白 GPX4 的表达则
随之显著受抑（图 3A-B），提示乳酸累积导致了广泛的蛋白修饰改变及抗氧化能力的丧失。活细胞荧光成像结果进一步显示，外源添加
乳酸钠显著加剧了 LPS 诱导的细胞内总 ROS（CM-H2DCFDA 指示）及亚铁离子（FeRhNOX-1 指示）的异常累积；相反，给予草氨酸钠
阻断内源性乳酸生成后，上述铁死亡信号得到有效逆转（图 3C）。此外，WB 检测证实，高乳酸负荷会直接导致萎缩蛋白（MuRF1）表
达上调（图 3D）。以上结果确证，细胞内乳酸累积是驱动铁死亡与肌管萎缩的始动因素。

(4) 蛋白质修饰组学锁定 IDH2 为高乳酸环境下的关键乳酸化靶点

为了揭示高乳酸致病的分子机理，我们提取了小鼠胫骨前肌进行定量乳酸化修饰组学分析。将差异蛋白与 FerrDb 铁死亡数据库交叉比对
后，我们筛选出 7 个候选蛋白及其 12 个修饰位点，最终聚焦于变化最显著的线粒体关键代谢酶 IDH2（图 4A-B）。高分辨质谱（LC-MS/
MS）确证了 IDH2 的乳酸化修饰肽段，且空间结构与序列分析显示，该修饰精确发生于跨物种高度保守的 K413 位点（图 4C-E）。体内
IP-WB 实验首先证实，脓毒症（CLP 组）显著上调了小鼠肌肉中 IDH2 的泛乳酸化（Pan-Kla）水平（图 4F）。更重要的是，单纯注射外
源性乳酸（Na-lac 组）即可独立诱导该修饰的发生；而在脓毒症叠加乳酸负荷（CLP+Na-lac 组）时 IDH2 的乳酸化水平被进一步激化（图 
4G）。

结论 : 脓毒症肌萎缩导致的高乳酸微环境通过诱导广泛的蛋白修饰重编程，特异性地触发线粒体铁死亡；IDH2 K413 位点的乳酸化修饰从
分子结构层面抑制酶活性，导致 NADPH/GSH 代谢中断，进而引发线粒体抗氧化防御系统的崩溃；在脓毒症病理条件下，AARS1 的异常
累积（Writer 增强）与 HDAC2 的表达缺失（Eraser 减弱），形成协同效应，共同打破 IDH2 的修饰稳态并驱动不可逆的氧化损伤。
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ACSL1 靶向 PDK1-cGAS-STING 通路激活小胶质细胞介导脓毒症相关性脑病远期认知功能
障碍的机制研究

1、论文摘要

论文题目：ACSL1 靶向 PDK1-cGAS-STING 通路激活小胶质细胞介导脓毒症相关性脑病 

远期认知功能障碍的机制研究

背景：脓毒症相关性脑病（SAE）是脓毒症患者常见的严重并发症，发生率高达 70%，其导致的远期认知功能障碍严重影响患者生存质量，
且缺乏有效治疗手段。小胶质细胞介导的神经炎症与突触异常修剪被认为是 SAE 认知功能障碍的核心病理基础，但急性炎症消退后小胶
质细胞驱动远期认知障碍的分子机制尚不明确。

目的：本项目旨在阐明小胶质细胞 ACSL1 通过靶向结合 PDK1 激活 cGAS-STING 信号通路，诱导突触过度吞噬及 p-Tau 蛋白异常聚积，
从而介导 SAE 远期认知功能障碍的分子机制，为 SAE 的临床防治提供新靶点。

方法：采用盲肠结扎穿孔术构建小鼠 SAE 模型，结合小胶质细胞特异性 Acsl1 条件性敲除小鼠、PLX5622 靶向消融、AAV 介导的体内功
能拯救、免疫共沉淀、单细胞转录组测序、透射电镜、高尔基染色及全细胞膜片钳等多种技术手段，系统评估小胶质细胞 ACSL1-PDK1-
cGAS-STING 信号轴在 SAE 远期突触损伤及认知功能障碍中的作用。

结果与结论：前期研究发现，SAE 小鼠在急性炎症消退后仍出现明显认知功能障碍，伴随小胶质细胞持续激活、突触过度吞噬、突触超微
结构损伤及海马 CA3 区 p-Tau 异常聚积。动态转录组测序显示 ACSL1 在小胶质细胞中特异性持续高表达，其敲除可显著减轻突触损伤及
p-Tau 聚积并改善认知功能。机制上，ACSL1 与 PDK1 存在直接相互作用，并通过激活下游 cGAS-STING 通路介导小胶质细胞致病效应。
本项目将系统阐明 ACSL1-PDK1-cGAS-STING 信号轴驱动 SAE 远期认知功能障碍的分子机制，为靶向小胶质细胞治疗 SAE 提供理论依据
和潜在干预靶点。

2、研究内容

研究背景和现状

脓毒症相关性脑病是脓毒症患者最常见的严重并发症之一，临床发生率高达 70%，不仅显著增加急性期病死率，更导致幸存者出现长期认
知与运动功能障碍，严重影响患者生存质量并带来沉重的社会经济负担。目前 SAE 远期认知障碍缺乏特效治疗手段，根本原因在于其发
病机制尚未被完全阐明。现有研究表明，SAE 导致远期认知功能障碍的病理生理机制具有高度复杂性，涉及神经炎症、血脑屏障破坏、线
粒体功能障碍、神经递质失衡及突触损伤等多因素交织作用。其中，小胶质细胞介导的神经炎症与突触过度修剪被认为是 SAE 认知功能
障碍的核心病理基础。全身性炎症反应通过破坏血脑屏障驱动外周促炎介质进入中枢，激活小胶质细胞并形成神经炎症风暴介导神经损伤，
这是脓毒症早期神经损伤的经典机制。然而，急性炎症消退后小胶质细胞是否持续激活、以及其如何驱动远期认知功能障碍的分子机制，
目前尚不清楚。近年来，小胶质细胞功能研究为 SAE 机制解析提供了新见解，如海马小胶质细胞线粒体 TRPV1 通道通过诱导线粒体应激
与糖代谢重编程介导神经毒性表型，cGAS-STING 通路被证实为小胶质细胞介导 SAE 神经炎症的关键调控节点。然而，上述研究主要聚焦
于脓毒症急性期的小胶质细胞炎症反应，对小胶质细胞在慢性期持续激活的分子开关及其驱动远期认知障碍的机制尚缺乏系统研究。

研究目的

本项目旨在系统阐明小胶质细胞 ACSL1-PDK1-cGAS-STING 信号轴在 SAE 远期认知功能障碍中的作用与分子机制，具体目标包括：（1）
明确小胶质细胞过度吞噬突触及诱导 p-Tau 聚积在 SAE 远期认知功能障碍中的核心作用；（2）揭示 ACSL1 作为小胶质细胞介导 SAE 突
触损伤及 p-Tau 病理的关键分子；（3）阐明 ACSL1 与 PDK1 相互作用及其对下游信号通路的调控关系；（4）验证 PDK1-cGAS-STING
通路在小胶质细胞介导 SAE 突触损伤中的功能地位。

实验设计

本项目以盲肠结扎穿孔术构建小鼠 SAE 模型为核心动物模型，结合小胶质细胞特异性条件性基因敲除、药理学靶向消融、AAV 介导的体
内功能拯救及通路干预等多元手段。研究设置 Sham 组、CLP 组、CLP+ 基因敲除 / 抑制剂组、CLP+ 过表达 / 激动剂组等多层次对照，分
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别在 CLP 术后 60 天进行行为学、组织病理、突触超微结构、电生理及分子水平的多维度评估。

实验方法

（1）动物模型与认知行为评估： 采用 CLP 法构建 SAE 小鼠模型，术后 60 天通过 Morris 水迷宫和旷场实验评估空间学习记忆能力及自
主活动能力。

（2）小胶质细胞靶向消融： 利用 CSF1R 抑制剂 PLX5622 在 CLP 术后 14–28 天（急性炎症消退期）喂养小鼠，实现小胶质细胞可逆性消融，
停药后观察其再生及对远期认知功能的影响。

（3）条件性基因敲除与过表达： 采用 CRISPR/Cas9 技术构建小胶质细胞特异性 Acsl1 条件性敲除小鼠，术后 14 天腹腔注射他莫昔芬诱
导敲除。通过脑立体定位注射 AAV-CD68-Pdk1 过表达病毒实现小胶质细胞靶向功能拯救。

（4）单细胞转录组测序与动态转录组分析： 流式分选海马小胶质细胞进行 RNA-seq 及单细胞测序，筛选差异表达基因，结合拟时序分析
追踪小胶质细胞从稳态向激活态转化的动态轨迹。

（5）分子互作验证： 在 HEK293T 细胞中共表达 ACSL1 与 PDK1，通过免疫共沉淀验证蛋白相互作用，构建截短突变体明确关键结合域。

（6）突触结构与功能评估： 免疫荧光染色检测 Iba1 与突触前膜蛋白 Synaptophysin 共定位以评估小胶质细胞突触吞噬；透射电镜观察
突触超微结构；高尔基染色分析树突棘形态与密度；全细胞膜片钳记录海马 CA1 区锥体神经元长时程增强及兴奋性突触后电流。

（7）通路干预实验： 采用 cGAS-STING 抑制剂或激动剂脑定位注射，验证 PDK1-cGAS-STING 信号轴的上下游关系及功能效应。

结果及结论

前期研究结果

（1）小胶质细胞在急性炎症消退后持续激活并介导远期认知障碍。 CLP 术后海马炎症因子于术后 7 天达峰、14 天基本恢复基线，但
Iba1+ 小胶质细胞数量在术后 60 天仍显著高于对照组，小鼠出现明显空间学习记忆障碍。术后 60 天检测显示，小胶质细胞对突触前膜蛋
白的吞噬显著增加，突触前后膜共定位位点减少，透射电镜见突触间隙模糊、突触后致密物变薄，高尔基染色示树突棘密度及成熟型蘑菇
状树突棘比例降低，伴随海马 CA3 区 p-Tau 显著异常聚积。PLX5622 靶向消融实验显示，急性炎症消退期短暂清除小胶质细胞可显著改
善术后 60 天认知功能，证实小胶质细胞在炎症消退后仍持续驱动病理进程。
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Fig. 1 脓毒症模型中小鼠出现远期神经行为学障碍。（A）CLP 模型的模式图。（B-D）RT-qPCR 检测海马中 Il1b、Il6 和 Tnf 的 mRNA
表达水平（n=6）。（E）荧光染色检测海马 CA1 区中小胶质细胞（Iba1+）的数量变化及其统计图（scale bar = 50 μm，n=6）。（F）
水迷宫第六天训练轨迹代表图，水迷宫训练期 1-4 d 的逃避潜伏期以及穿越平台统计图（n=6）。（G）小胶质细胞（Iba1，粉色）及突触
前膜蛋白（Syn，绿色）共定位染色，使用 Imaris 三维重建（scale bar = 10 μm，n=6）。（H）突触前膜蛋白（Syn）和突触后面蛋白（Homer1）
的共定位染色，使用 Imaris 三维重建（scale bar = 5 μm，n=6）。（I）通过电镜检测海马组织中的突触代表图，突触的数量、突触间隙、
突触后膜的长度以及突触后膜的厚度统计图（scale bar = 200nm，n=12）。（J）通过高尔基染色，树突棘的代表图，统计图数据为树突
棘的数量以及分枝状树突棘的比例（scale bar = 10nm，n=12）。（K）海马 CA3 区的 p-Tau 蛋白的荧光染色及 p-Tau 蛋白荧光强度统计
图（scale bar = 100 μm，n=6）。

 (NS 代表 p>0.05，*p<0.05，**p<0.01)

（Fig. 2 小胶质细胞靶向消融减轻脓毒症脑病的认知功能障碍。（A）在脓毒症脑病中靶向消融小胶质细胞的模式图。（B-C）荧光染色检
测海马 CA1 区中小胶质细胞（Iba1+）在 14 d、28 d 和 60 d 的数量变化（scale bar = 50 μm，n=6）。（C）第六天测试水迷宫的轨迹图
代表图、训练期 1-4d 的逃避潜伏期及其穿越平台次数的统计（n=6）。 (NS 代表 p>0.05，*p<0.05，**p<0.01)

（2）ACSL1 是小胶质细胞持续激活的关键分子。 动态转录组测序（术后 7、14、30、60 天）鉴定出 69 个持续高表达基因，富集于脂肪
酸氧化及免疫激活通路，其中 Acsl1 变化最为显著。RT-qPCR 及免疫荧光双标验证其在小胶质细胞中特异性持续高表达。小胶质细胞特异
性 Acsl1 敲除可显著减轻突触吞噬、改善突触超微结构、减少 p-Tau 聚积并改善认知功能，而不影响炎症因子基线水平。
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Fig. 3 小胶质细胞在脓毒症中 ACSL1 表达上升。（A）小胶质细胞流式分选的模式图。（B）韦恩图展示 CLP 术后 1、14、30 和 60 
d 后小胶质细胞转录水平升高的基因。（C）GO 分析展示（B）中 69 个基因的信号通路富集。（D）基因热图展示（C）中 Fatty acid 
biosynthetic process 信号通路表达水平前 6 的基因水平。（E）RT-qPCR 检测小胶质细胞 Acsl1 的表达（n=6）。（F）海马中小胶质细
胞（Iba1+）和 ACSL1 的抗体染色代表图及其相对荧光统计图（scale bar = 50 μm，n=6）。(NS 代表 p>0.05，*p<0.05，**p<0.01)

Fig. 4 小胶质细胞 Acsl1 基因条件性敲除可减轻 SAE 突触的损伤及认知功能障碍。（A）小胶质细胞在脓毒症中条件性敲除 Acsl1 的模式图。
（B）q-PCR 检测小胶质细胞 Acsl1 的表达水平（n=6）。（C）q-PCR 检测 CLP 术后 60 d 海马中 Tnf 和 Il1b 的表达水平（n=6）。（D）
免疫荧光染色检测小胶质细胞（Iba1+）吞噬突触前膜蛋白（Syn+）的代表图及其统计柱状图（scale bar = 10 μm，n=6）。（E）免疫
荧光染色检测突触前膜 Synaptophysin 和突触后膜 Homer1 的代表图及其统计柱状图（scale bar = 5 μm，n=6）。（F）电镜检测突触
的超微结构的代表图（scale bar = 200 μm, n=12）。（G）通过高尔基染色，树突棘的代表图，统计图数据为树突棘的数量以及分枝状树
突棘的比例（scale bar = 10 nm，n=12）。（K）海马 CA3 区的 p-Tau 蛋白的荧光染色及 p-Tau 蛋白荧光强度统计图（scale bar = 100 
μm，n=6）。（I）第六天测试水迷宫的轨迹图代表图、训练期 1-4d 的逃避潜伏期及其穿越平台次数的统计（n=6）。(NS 代表 p>0.05，
*p<0.05，**p<0.01)

（3）ACSL1 通过 PDK1-cGAS-STING 通路介导下游效应。 单细胞测序揭示 Acsl1 敲除后激活态小胶质细胞比例显著降低，Pdk1 为关键
差异基因。免疫共沉淀证实 ACSL1 与 PDK1 存在直接相互作用。Acsl1 敲除抑制 cGAS-STING 通路活化，而 PDK1 过表达可逆转该抑制效
应并加重突触损伤。KEGG 富集分析显示 cGAS-STING 为 PDK1 过表达后差异最显著通路。
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（Fig. 5 ACSL1 可能通过靶向结合 PDK1 持续激活小胶质细胞。（A）分选海马小胶质细胞进行单细胞测序的模式图。（B）总的小胶质
细胞散点图，并分为两大类小胶质细胞，即稳态小胶质细胞（Homeostatic microglia）以及激活态小胶质细胞（Activated microglia）。（C）
Sham 组、CLP 组和 CLP+TAM 组中小胶质细胞的分群情况。（D）激活态小胶质细胞特异性最强的三个基因在散点图的表达。（E）
Pdk1、Lcn2 和 Saa3 基因在各群小胶质细胞的数量分布统计图。（F-G）拟时序分析筛选激活态小胶质细胞的关键基因。（H）在 BV2 细
胞中，通过免疫共沉淀检测 ACSL1 蛋白和 PDK1 蛋白的相互作用关系。（I）q-PCR 检测小胶质细胞中 Pdk1 的 mRNA 表达水平（n=6）。
(NS 代表 p>0.05，*p<0.05，**p<0.01)

Fig. 6 小胶质细胞过表达 Pdk1 加重 SAE 突触的损伤及认知功能障碍。（A）小胶质细胞在脓毒症中靶向过表达 Pdk1 的模式图。（B）q-PCR
检测 CLP 术后 60 d 海马中小胶质细胞 Acsl1 的表达水平（n=6）。（C）WB 检测 CLP 术后 60 d 海马中 PDK1 蛋白的表达水平（n=6）。
（D）荧光染色检测小胶质细胞 PDK1 的表达水平（n=6）。（E）电镜检测突触的超微结构的代表图（scale bar = 200 μm, n=12）。（F）
通过高尔基染色，树突棘的代表图，统计图数据为树突棘的数量以及分枝状树突棘的比例（scale bar = 10 nm，n=12）。（G）海马 CA3
区的 p-Tau 蛋白的荧光染色及 p-Tau 蛋白荧光强度统计图（scale bar = 100 μm，n=6）。（H）第六天测试水迷宫的轨迹图代表图、训练
期 1-4d 的逃避潜伏期及其穿越平台次数的统计（n=6）。(NS 代表 p>0.05，*p<0.05，**p<0.01)
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Fig. 7 小胶质细胞可能通过 PDK1 激活 cGAS-STING 信号通路。（A）小胶质细胞在过表达 Pdk1 后流式分选的模式图。（B）KEGG 分
析过表达 Pdk1 后信号通路的激活。（C）WB 检测海马中 cGAS-STING 信号通路关键蛋白 STING、cGAS 和 p-TBK1 的表达水平（n=6）。
(NS 代表 p>0.05，*p<0.05，**p<0.01)

（二）预期结论

本项目预期证实以下科学假设：在 SAE 病理进程中，海马小胶质细胞持续高表达的 ACSL1 通过直接结合 PDK1，激活下游 cGAS-STING
信号通路，进而诱导小胶质细胞对突触的过度吞噬及 p-Tau 蛋白异常聚积，最终驱动 SAE 远期认知功能障碍。该研究将从“ACSL1-
PDK1-cGAS-STING”信号轴的全新视角揭示 SAE 远期认知障碍的分子机制，为靶向小胶质细胞治疗 SAE 提供理论依据和潜在干预靶点。
本项目预计发表 SCI 论文 2–3 篇（其中 IF>10 一篇），并申请相关专利 1 项。
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Agreement between the confusion assessment method for the intensive care unit 
and the intensive care delirium screening checklist in neurosurgical intensive care 
unit patients: A prospective observational study

Background: The Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) and the Intensive Care Delirium Screening 
Checklist (ICDSC) are the two most widely used bedside instruments for delirium screening in critically ill patients. However, the 
extent to which these tools agree under different intensive care unit (ICU) conditions remains unclear, particularly in the presence 
of sedation, invasive mechanical ventilation, and altered arousal.

Method: This prospective single-center observational study included 202 adult patients admitted to a neurosurgical intensive 
care unit who underwent paired delirium assessments using CAM-ICU and ICDSC within 24 h of admission. Agreement between 
the two instruments was evaluated using observed agreement, positive agreement, negative agreement, Cohen’s kappa, and the 
McNemar test. Prespecified subgroup analyses were performed according to sedation status, invasive mechanical ventilation, and 
Richmond Agitation-Sedation Scale (RASS) category. A restricted sensitivity analysis was additionally conducted in non-sedated, 
non-ventilated patients with RASS = 0. Factors associated with disagreement between CAM-ICU and ICDSC were examined using 
multivariable logistic regression.

Result:Overall agreement between CAM-ICU and ICDSC was 77.2%, corresponding to moderate agreement beyond chance (kappa 
= 0.55, 95% CI: 0.44-0.66). Agreement was substantially higher in non-sedated than in sedated patients (kappa = 0.632, 95% CI: 
0.475-0.789 vs. 0.053, 95% CI: -0.191to 0.297) and in non-ventilated than in invasively ventilated patients (kappa = 0.696, 95% CI: 
0.549-0.844 vs. -0.225, 95% CI: -0.467to 0.018). According to arousal level, agreement was highest in patients with RASS = 0 (kappa 
= 0.715, 95% CI: 0.540-0.889), intermediate in those with RASS +1 to +2 (kappa = 0.403, 95% CI: 0.145-0.662), and absent in those 
with RASS -2 to -1 (kappa = -0.002, 95% CI: -0.280to 0.276). In the restricted sensitivity analysis of non-sedated, non-ventilated 
patients with RASS = 0, concordance was 84/95 (88.4%), with substantial agreement (kappa = 0.691, 95% CI: 0.494-0.888). Among 
46 discordant paired assessments, disagreement was more often characterized by CAM-ICU positivity with concurrent ICDSC 
negativity than by the reverse pattern (36/46 [78.3%] vs. 10/46 [21.7%]; exact McNemar p = 0.0002). In multivariable analyses, 
invasive mechanical ventilation was the most consistent independent predictor of disagreement.

Conclusion: CAM-ICU and ICDSC should not be assumed to be interchangeable across all ICU conditions. Their agreement is 
strongly state-dependent and is substantially reduced in patients receiving sedation, undergoing invasive mechanical ventilation, 
or exhibiting depressed arousal. These findings suggest that delirium screening results should be interpreted in light of the 
patient’s clinical state and that the same instrument should be used consistently when delirium is analyzed as an outcome.
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Assessing the Immediate Benefit of Lung Recruitment in ARDS Patients Using CT 
Imaging Features: A Single-Center Prospective Observational Study

Abstract

Objective

To investigate the relationship between quantitative analysis findings of different CT patterns and the immediate benefits of lung 
recruitment in patients with ARDS.

Design

Prospective observational clinical study.

Setting

Intensive Care Unit from a tertiary-level hospital.

Patients

ARDS patients requiring invasive mechanical ventilation.

Main variables of interest

Demographic characteristics, respiratory mechanics parameters, and chest CT features. Based on the rate of improvement in 
PaO2/FiO2 following lung recruitment, patients were divided into an improvement group and a non-improvement group.

Results

Compared with the non-improvement group, patients in the improvement group demonstrated significantly lower proportions 
of poorly-aerated (Z = –2.658, P = 0.008) and non-aerated (Z = –2.360, P = 0.018). Multivariate logistic regression analysis revealed 
that the proportion of poorly-aerated served as an independent inhibitory factor for immediate benefit following lung recruitment 
(β = –0.374, P = 0.035), whereas the proportion of non-aerated was not an independent predictor (P > 0.05), with no significant 
interaction detected between these two factors. ROC curve analysis further showed that the proportion of poorly-aerated, the 
proportion of non-aerated, and their combined indicator each yielded an AUC exceeding 0.7 in predicting immediate post-
recruitment benefit.

Conclusion

The proportion of poorly-aerated serves as a valuable imaging biomarker for predicting immediate oxygenation improvement 
following lung recruitment.

Introduction

Acute Respiratory Distress Syndrome (ARDS) is a severe critical illness,  characterized definitively by refractory hypoxemia and 
diffuse pulmonary inflammation.1 It constitutes a major complication within the Intensive Care Unit (ICU), presenting with an 
estimated incidence of 10.4% and a notably high in-hospital mortality ranging from 40% to 46%.2, 3 

The management of ARDS is grounded in lung-protective ventilation.4 Lung recruitment, a critical element, is defined as the 
application of controlled pressures to reopen collapsed alveoli. The primary objective is to improve oxygenation and minimize 
ventilator-induced lung injury by optimizing transpulmonary pressure.5 Although a majority of ARDS patients derive benefit, 
an estimated 10 − 13% are at risk for complications like pneumothorax following unsuitable recruitment maneuvers.6 
Nevertheless, findings from a pivotal multicenter randomized controlled trial in the Journal of the American Medical Association 
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associated these maneuvers with higher mortality, sparking renewed debate and reflection on their therapeutic profile.7 This 
is likely attributed to the variable responsiveness of individual patients to lung recruitment. This variability in patient response 
necessitates a meticulous assessment of recruitability, which has become a vital step in guiding individualized clinical decisions.

Currently, a range of modalities, including imaging, respiratory mechanics, and bedside monitoring, are employed to assess lung 
recruitment.8-10 Computed Tomography (CT) is the gold standard for assessing lung recruitment.8 The quantitative analysis of 
CT images capitalizes on strengths such as robust objectivity, excellent reproducibility, and high result comparability.11 Although 
it has demonstrated established value in the diagnosis and prognosis of diverse pathologies including COVID-19 and pulmonary 
fibrosis,12-14 the body of literature specifically exploring its utility for lung recruitment assessment in ARDS is still developing, 
indicating a need for more targeted investigation.

Guided by this imperative, our study is designed to investigate which CT-derived features predict favorable recruitment outcomes 
and to explore how distinct radiographic phenotypes correlate with lung recruitability. By conducting an in-depth investigation 
into the characteristics of quantitative CT during the progression of ARDS, this research may offer new perspectives and 
approaches for ARDS treatment, thereby improving patient prognosis and quality of life.

Methods

Patients

The study population comprised adult ARDS patients who required invasive mechanical ventilation and were admitted to the ICU 
of Qingdao Municipal Hospital between December 2024 and December 2025. According to the New Global Definition for ventilator-
managed ARDS: PEEP ≥ 5 cmH2O, PaO2/FiO2 ≤ 300 mmHg, or SpO2/FiO2 ≤ 315 (when SpO2 ≤ 97%).15 The following exclusion 
criteria applied: intracranial hypertension, hemodynamic instability, decompensated heart failure, severe or very severe chronic 
obstructive pulmonary disease, lung cancer, bronchopleural fistula, pneumothorax, pulmonary bullae, chronic respiratory 
diseases requiring long-term oxygen therapy or assisted ventilation, and pregnancy. This study was reviewed and approved by the 
Hospital Ethics Committee (Approval No. KTLL2024-081). Prior to any study procedures, detailed information was provided to the 
families of potential participants, from whom written informed consent was subsequently obtained.

CT Imaging Analysis

Prior to recruitment maneuvers, each patient underwent a chest CT scan within a 24-hour window. Chest CT image analysis was 
carried out utilizing the 3D Slicer platform (version 5.6.1).16 Upon import of the DICOM data, the lung parenchyma was isolated 
through application of a semi-automatic segmentation algorithm. Consensus-based Regions of Interest (ROIs) were subsequently 
delineated. Within these ROIs, Hounsfield Unit (HU) value measurement and classification was performed based on standard 
thresholds: over-aerated ( − 1000 to − 900 HU), normally-aerated ( − 900 to − 500 HU), poorly-aerated ( − 500 to − 100 HU), 
and non-aerated ( − 100 to +100 HU).17 To obtain volumetric data, three-dimensional reconstruction techniques were applied to 
compute total lung volume and the volume of pathological areas. 

PEEP Titration

Following the administration of adequate sedation, analgesia, and neuromuscular blockade to eliminate spontaneous breathing, 
patients are positioned semi-recumbent (prone positioning permitted if required). Suctioning is permitted prior to, but strictly 
prohibited during, the trial unless clinically indicated. A standardized ventilation period of at least 30 minutes is then instituted 
under volume control mode with a tidal volume of 6–8 mL/kg. The respiratory rate and I:E ratio are adjusted based on PaCO2, 
while PEEP is titrated to maintain SpO2 at 93–100%. A singlebreath measurement method is then applied.18 The protocol 
comprises three consecutive 30-minute phases: Baseline, High PEEP, and Low PEEP, with constant FiO2. Arterial blood gas analysis 
is conducted at the end of each phase, after which ventilator settings are reverted to baseline. Continuous hemodynamic and 
respiratory monitoring is maintained. If the patient exhibits refractory hypoxemia (SpO2 < 88%) or persistent hypotension (MAP < 
55 mmHg) despite vasopressor therapy, the patient must be withdrawn from the study.

During the implementation of lung recruitment maneuvers, hemodynamic stability is always prioritized. Considering that 
increased intrathoracic pressure induced by recruitment may reduce venous return, decrease cardiac output, and cause blood 
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pressure fluctuations, invasive arterial blood pressure, central venous pressure (if available), and heart rate are continuously 
monitored before, during, and after the procedure, with close attention to their dynamic trends. Peripheral perfusion indicators 
such as urine output, skin temperature of the extremities, and capillary refill time are also observed. Throughout the maneuver, 
rapid fluid resuscitation access and vasoactive medications are readily available to ensure that the mean arterial pressure is 
consistently maintained above 55 mmHg, thereby preserving adequate perfusion of vital organs. Every step of the procedure 
is carried out without compromising circulatory stability, ensuring that the potential benefits of lung recruitment and changes 
in oxygenation indices are not significantly offset by hemodynamic disturbances. This approach achieves a balance between 
improving oxygenation and maintaining overall circulatory stability.

Record the following parameters at baseline, high PEEP, and low PEEP levels, respiratory rate (RR), peak pressure (Ppeak), 
plateau pressure (Pplat), tidal volume (VT), PEEP, endexpiratory lung volume (EELV), and PaO2/FiO2. Subsequently calculate 
static lung compliance (Cst), mechanical power (MP), the change in mechanical power before and after recruitment (ΔMP), the 
recruitmenttoinflation ratio (R/I ratio), and the improvement rate in PaO2/FiO2.

Statistics

CT data were analyzed using 3D Slicer software to estimate the volume of each region and calculate the ratio of the corresponding 
pattern to the total lung volume. Statistical analysis and graphing were performed with SPSS 25 and GraphPad Prism 10.1.2 
software. The Shapiro-Wilk test was used to assess the normality of data distribution. Continuous variables not conforming to 
a normal distribution were analyzed using the Mann-Whitney U test and expressed as median (interquartile range). Categorical 
variables were expressed as frequency and percentage, with intergroup comparisons performed using the chi-square test or 
Fisher's exact test. For variables that do not conform to a normal distribution or are ordinal, the Spearman rank correlation 
coefficient is used for correlation analysis. Multivariate logistic regression analysis was employed to explore imaging factors 
influencing the immediate improvement in oxygenation following lung recruitment. A multiplicative interaction model was also 
used to evaluate the interaction effects of CT imaging features on the immediate improvement in oxygenation after recruitment. 
Receiver operating characteristic (ROC) curves were constructed to evaluate the predictive value of CT imaging features for 
immediate post-recruitment benefit in ARDS patients. The predictive performance was quantified using the area under the curve 
(AUC). A P-value < 0.05 was considered statistically significant.

Results

Population

38 patients were ultimately included (Fig 1). Patients with a PaO2/FiO2 improvement rate ≥ 20% were defined as the improvement 
group, with the remainder classified as the non-improvement group.19 A total of 15 patients were included in the improvement 
group, and 23 in the non-improvement group. In contrast to the non-improvement group, patients in the improvement group 
exhibited a significantly lower proportion of pre-existing underlying diseases (Z = –2.143, P = 0.032). However, no statistically 
significant differences were observed between the two groups in terms of other demographic characteristics or respiratory 
mechanics parameters (all P > 0.05; Table 1).
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Figure 1 Inclusion and exclusion flowchart

Table 1 Comparison of clinical data between the improved group and the non-improved group

Correlation analysis

Correlation analysis revealed that the rate of improvement in PaO2/FiO2 demonstrated a significant positive correlation with the 
proportion of over-aerated (r = –0.333, P = 0.041; Fig 2A), and significant negative correlations with the proportions of poorly-
aerated (r = –0.540, P < 0.001; Fig 2C) and non-aerated (r = –0.412, P = 0.010; Fig 2D). No significant correlation was found with the 
proportion of normally-aerated (P > 0.05; Fig 2B).
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Figure 2 Correlation analysis between CT imaging characteristics and PaO2/FiO2 improvement rate

A: Correlation between the proportion of over-aerated and PaO2/FiO2 improvement rate; B: Correlation between the proportion 
of normally-aerated and PaO2/FiO2 improvement rate; C: Correlation between the proportion of poorly-aerated and PaO2/FiO2 
improvement rate; D: Correlation between the proportion of non-aerated and PaO2/FiO2 improvement rate.

Differential analysis

Compared with the non-improvement group, patients in the improvement group exhibited significantly lower proportions of 
poorly-aerated (Z = –2.658, P = 0.008; Fig 3C) and non-aerated (Z = –2.360, P = 0.018; Fig 3D). In contrast, no statistically significant 
differences were observed between the two groups in the proportions of over-aerated or normally-aerated (both P > 0.05; Fig 3B, D).
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Figure 3 Analysis of the differences in CT imaging characteristics between the improvement group and the non-improvement 
group

A: Comparison of the proportion of over-aerated between the improvement group and the non-improvement group; B: 
Comparison of the proportion of normally-aerated between the improvement group and the non-improvement group; C: 
Comparison of the proportion of poorly-aerated between the improvement group and the non-improvement group; D: 
Comparison of the proportion of non-aerated between the improvement group and the non-improvement group. Red represents 
the improvement group, and blue represents the non-improvement group. ns indicates P > 0.05, * indicates P < 0.05, and ** 
indicates P < 0.01.

Regression analysis

Multivariate logistic regression analysis revealed that, after adjusting for the proportion of over-aerated, the proportion of poorly-
aerated emerged as an independent inhibitory factor for immediate benefit following lung recruitment (β = –0.374, P = 0.035). In 
contrast, the proportion of non-aerated was not identified as an independent predictor of immediate post-recruitment benefit (β 
= –0.319, P = 0.101). Moreover, no interaction was found between these two factors (P > 0.05).

Table 2 Multivariate logistic regression analysis of the proportion of poorly-aerated and non-aerated

ROC

ROC curves were constructed to evaluate the predictive value of the proportion of poorly-aerated, the proportion of non-aerated, 
and their combination for immediate benefit following lung recruitment in mechanically ventilated patients with ARDS (Fig 4). The 
analysis demonstrated that the proportion of poorly-aerated predicted immediate recruitment benefit with an AUC of 0.758 (P = 
0.008), an optimal cutoff value of 9.7%, a sensitivity of 66.7%, and a specificity of 87.0%. The proportion of non-aerated yielded an 
AUC of 0.729 (P = 0.018) for predicting immediate benefit, with an optimal cutoff of 4.7%, a sensitivity of 86.7%, and a specificity 
of 60.9%. When combined, the two parameters achieved an AUC of 0.780 (P = 0.004), with a sensitivity of 60.0% and a specificity of 
91.3%. All three indicators exhibited comparable AUC values exceeding 0.7, indicating favorable predictive performance.

Figure 4 ROC curve for predicting immediate benefit after lung recruitment based on the proportion of poorly-aerated and non-
aerated
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ROC, the Receiver Operating Characteristic curve; AUC, the area under the ROC curve. Red represents the proportion of poorly-
aerated, blue represents the proportion of non-aerated, and yellow represents the combined proportion of poorly-aerated and 
non-aerated.

Conclusion

The proportion of poorly-aerated serves as a valuable imaging biomarker for predicting immediate oxygenation improvement 
following lung recruitment. Monitoring this parameter facilitates a pre-recruitment assessment of the risk-benefit balance, 
enabling clinicians to identify patients most likely to benefit from the maneuver while avoiding ineffective or potentially harmful 
procedures in those unlikely to respond.
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Association between early urea-to-creatinine ratio trajectories and accelerated 
skeletal muscle loss in critically ill patients: a retrospective cohort study

Background Critically ill patients often experience rapid muscle loss. The urea-to-creatinine ratio (UCR) reflects the muscle 
breakdown and catabolism. While UCR has been proposed as a surrogate marker for muscle mass, the predictive value of its 
dynamic early trajectory for acute muscle depletion remains unexplored. This study aimed to investigate whether dynamic 
trajectories of early UCR can predict the development of rapid muscle loss in critically ill patients.

Methods

 This retrospective observational study involved adult patients admitted to the ICU. The primary outcome was the incidence 
of rapid muscle loss during ICU hospitalization. Group-based trajectory modeling (GBTM) was used to identify distinct UCR 
trajectories over the first 5 days of ICU admission. Changes in the cross-sectional muscle area at the third lumbar vertebra were 
measured using CT images to evaluate muscle loss. Rapid muscle loss was defined as a muscle loss rate greater than 2% per 
day. Multivariable logistic regression was used to examine the association between early UCR trajectories and rapid muscle loss. 
Kaplan-Meier analysis was performed to evaluate ICU survival.

Results

 Of the 642 patients, 184 (28.7%) experienced rapid muscle loss during the early phase of their ICU stay. Three distinct early 
UCR trajectories were identified: a Stable-Low trajectory (80.5%), a High-Declining trajectory (8.3%), and a Steadily-Increasing 
trajectory (11.2%). Multivariable logistic regression analysis revealed that the High-Declining trajectory was significantly 
associated with an increased risk of rapid muscle loss compared to the Stable-Low trajectory, with an odds ratio (OR) of 2.76 [95% 
CI: 1.45~5.24]. Furthermore, the High-Declining trajectory was significantly associated with a higher risk of early ICU mortality (P = 
0.011), despite no significant difference in overall ICU length of stay (P = 0.18).

Conclusion

 The results demonstrate that an early high-declining UCR trajectory is independently associated with rapid muscle loss and poor 
survival in critically ill patients. Though additional prospective data are needed, our results suggest that monitoring early UCR 
trajectories may be useful in the early identification of critically ill patients at risk of rapid muscle loss and adverse outcomes.
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Association between Respiratory Phenotypes and Successful Ventilator Liberation 
in Early-Onset and Late-Onset ARDS: A Multicenter Cohort Study

Abstract 

Background: Early-onset and late-onset acute respiratory distress syndrome (ARDS) differ in clinical course and outcomes, but 
their longitudinal respiratory trajectories remain unclear. We aimed to characterize respiratory trajectories in early- and late-onset 
ARDS and identify trajectory-based phenotypes associated with ventilator liberation and mortality. 

Methods: In this multicenter retrospective cohort study, 907 patients with ARDS (519 early-onset, 388 late-onset) were analyzed. 
Partitioning around medoids clustering was applied to longitudinal trajectories of the PaO2/FiO2 ratio, tidal volume, and driving 
pressure in the overall cohort and onset-specific subgroups. Associations with outcomes were evaluated using multivariable 
regression, propensity score matching, and inverse probability weighting.

Results: Early-onset and late-onset ARDS showed distinct respiratory trajectories and clinical outcomes. Three reproducible 
respiratory trajectory phenotypes were identified across the overall cohort and onset-specific subgroups. The high-risk phenotype 
was characterized by persistent oxygenation impairment, elevated driving pressure, and higher tidal volume. Compared with the 
reference phenotype, the high-risk phenotype was associated with lower odds of successful ventilator liberation within 7 days 
(OR 0.15, 95% CI 0.06–0.34) and higher 28-day mortality (OR 7.50, 95% CI 4.74–12.05). Mediation analysis suggested that APACHE 
II score, SOFA score, and work of breathing partly mediated the association with ventilator liberation failure, whereas APACHE II 
score was the main mediator of 28-day mortality. 

Conclusion: Early-onset and late-onset ARDS exhibit distinct longitudinal respiratory trajectories. Trajectory-based respiratory 
phenotyping identifies a high-risk subgroup associated with ventilator liberation failure and mortality, supporting the use of 
dynamic respiratory phenotyping for risk stratification in ARDS. 
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Association of Adjunctive Nonsteroidal Anti-inflammatory Drug Therapy with 
Reduced Sepsis Risk in Patients with Severe Post-traumatic Pulmonary Infection: 
A Multicenter Retrospective Cohort Study

To evaluate the clinical efficacy of nonsteroidal anti-inflammatory drugs (NSAIDs) combined with antibiotics in patients with 
severe post-traumatic pulmonary infection, and to assess their impact on the risk of developing downstream sepsis.

This multicenter retrospective cohort study enrolled 181 patients with severe post-traumatic pulmonary infection admitted to 
the Intensive Care Unit (ICU) of the Jiulongpo District People's Hospital of Chongqing, Qianjiang Hospital affiliated to Chongqing 
University, and Army Medical Center of PLA (Daping Hospital) between June 2017 and June 2024. Patients were stratified into an 
antibiotic monotherapy group (control group, n=45) and an NSAIDs-supplemented antibiotic group (observation group, n=136) 
according to NSAIDs administration. Baseline demographics, laboratory parameters, and microbiological data were collected. 
Temporal trajectories of vital signs, hematologic indices, inflammatory markers, coagulation profiles, metabolic parameters, 
arterial blood gases, electrolytes, and organ function markers were compared between groups. The incidence of sepsis and in-
hospital mortality were also evaluated.

The mean age of the cohort was 47.07±15.29 years, and 79.6% were male. The cohort presented a high injury burden, with a mean 
Injury Severity Score (ISS) of 30.2±10.25, Traffic accident trauma (57.5%) were the predominant mechanisms. Microbiological 
analysis identified Acinetobacter baumannii as the most frequent pathogen (18.0%). Post-treatment, the observation group 
exhibited a robust reinvigoration of lymphocyte percentage (LYM%) (Z = -2.337, P = 0.019), coordinated by synchronized systemic 
declines in white blood cell count (WBC) (Z = -2.582, P = 0.010), neutrophil-to-lymphocyte ratio (NLR) (Z = -2.334, P = 0.020), D-dimer 
(Z = -2.970, P = 0.003), blood glucose (Glu) (Z = -2.231, P = 0.026), total bilirubin (TBIL) (Z = -2.384, P = 0.017), indirect bilirubin (IBIL) (Z 
= -2.557, P = 0.011), blood urea nitrogen (BUN) (Z = -2.245, P = 0.025), and serum creatinine (SCr) (Z = -2.245, P = 0.025) compared 
to the control group. These findings indicate that the combinatorial paradigm effectively blunts systemic phlogistic cascades, 
ameliorates hypercoagulable disturbances, dampens metabolic stress, and promotes parenchymal organ recovery. Crucially, 
the incidence of sepsis was profoundly attenuated in the observation group compared to controls (8.1% vs. 22.2%, χ² = 6.586, P = 
0.012). Although in-hospital mortality demonstrated a favorable downward trend in the trial group, the discrepancy did not reach 
statistical significance.

In patients wrestling with severe post-traumatic pulmonary infections, the synergy of NSAIDs and antibiotics holds promise to 
mitigate secondary sepsis accrual and optimize clinical trajectories by concurrently uncoupling hyperinflammation, restoring 
immunological homeostasis, and reversing multiorgan vulnerability. This framework supports the clinical rationale of adjunctive 
anti-inflammatory modulation, although its definitive long-term benefits warrant further validation in prospective randomized 
controlled trials.

姓名：谢开晶，敬慧丹

单位：重庆市九龙坡区人民医院

类别 :// 临床研究：设计规范的各类临床研究及研究方案报告



CCCC 2026     037

Association o f  H D L- C  a n d  A p o A - I  w i t h  p e r s i s t e n t  o r g a n  f a i l u r e  i n 
hypertriglyceridemia-associated acute pancreatitis: insights from a multicenter 
registry

Background: Circulating triglycerides have been believed to play a key role in aggravating hypertriglyceridemia-associated 
acute pancreatitis (HTG-AP), and therefore, existing therapies primarily focus on managing serum triglyceride levels. However, 
current early triglyceride-lowering therapies have failed to demonstrate significant clinical benefits, prompting efforts to identify 
novel treatment targets. Mechanistic studies have shown that lipoproteins, such as high-density lipoprotein cholesterol (HDL-C) 
and apolipoprotein A-I (ApoA-I), may also be involved in the pathophysiology of HTG-AP. This study aimed to investigate whether 
admission levels of HDL-C and ApoA-I were associated with adverse outcomes in HTG-AP.

Methods: Participants enrolled in the national PERFORM registry between November 2020 and November 2023, with available 
HDL-C and ApoA-I levels at enrollment, were retrospectively analyzed. The PERFORM is a large-scale, long-running, multicenter, 
prospective cohort study recruiting HTG-AP patients across China. The primary outcome was persistent organ failure (POF) within 
14 days. A Cochran-Armitage test for trend was used to evaluate trends in proportions across tertiles of baseline HDL-C and ApoA-I 
levels. We employed the multivariable logistic regression models to investigate the association between serum levels of HDL-C 
and ApoA-I on admission and POF. Additionally, subgroup analyses were performed according to triglyceride level at enrollment 
( ≥ 22.6 mmol/L or not). Restricted cubic splines with knots set at the 10th, 50th, and 90th percentiles of the baseline HDL-C and 
ApoA-I levels examined the dose-response association with the primary outcome.

Results: Among the 325 HTG-AP patients eventually included, 52 (16.0%) developed POF. Within each low-to-high tertile 
of ApoA-I, the rate of POF decreased proportionally (p<0.001 by Cochran-Armitage trend test). After controlling for selected 
confounders (age, Sequential Organ Failure Assessment score, organ failure at enrollment, total cholesterol, and triglyceride), 
compared to the lowest tertile of ApoA-I, the highest tertile was significantly associated with reduced risk of POF (adjusted 
OR=0.16, 95% CI 0.05 to 0.56, p=0.004). In subgroup analysis, a similar finding was observed regardless of whether patients had a 
triglyceride level above 22.6 mmol/L. Spline analyses demonstrated a decrease in the risk of POF with increasing ApoA-I levels (p 
for overall=0.021). However, no significant association between HDL-C levels and POF was identified, regardless of regression and 
trend analyses.

Conclusions: Using large-sample real-world data, we found that low ApoA-I levels, continuous or tertile grouped, were associated 
with increased risk of developing POF in HTG-AP patients, independently of the serum triglyceride level. However, we did not 
detect a significant relationship between the levels of HDL-C and POF. These observations may inform the development of novel 
treatment strategies for HTG-AP.
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Beyond Norepinephrine Dose: A Two-Stage Analytical Framework for Adjunctive 
Vasopressin Decision-Making in Septic Shock

Title

Beyond Norepinephrine Dose: A Two-Stage Analytical Framework for Adjunctive Vasopressin Decision-Making in Septic Shock

Abstract

Background

Vasopressin is widely used as an adjunctive vasopressor in septic shock, but the optimal strategy for patient selection and 
initiation timing remains uncertain. Norepinephrine dose alone may not capture the heterogeneous hemodynamic states 
underlying septic shock.

Objective

To develop and evaluate a two-stage analytical framework separating vasopressin treatment selection from initiation timing after 
treatment selection.

Methods

This multicenter observational study used target trial emulation principles. MIMIC-IV was used as the primary cohort and eICU-
CRD for external validation. Vasoactive exposure was reconstructed from actual infusion events. Norepinephrine landmark cohorts 
were analyzed using overlap weighting.

Results

In the MIMIC-IV NE ≥ 0.25 μg/kg/min landmark cohort (n=1,987), early vasopressin initiation was associated with higher 28-
day mortality odds (OR 1.434, 95% CI 1.160–1.773). Threshold analyses across NE ≥ 0.10, ≥ 0.25, and ≥ 0.50 μg/kg/min did 
not identify a clear beneficial initiation window. Among eventual vasopressin users, earlier initiation was associated with lower 
mortality (OR 0.747, 95% CI 0.574–0.972), although this analysis was exploratory due to eventual-user conditioning.

Conclusion

Vasopressin decision-making requires separating treatment selection from treatment timing. Norepinephrine dose alone may be 
insufficient for individualized vasopressin strategies.

Research Content

Background and Current Status

Septic shock management frequently requires escalating vasopressor support. Although vasopressin is recommended as 
adjunctive therapy, uncertainty remains regarding which patients should receive therapy and when therapy should be initiated.

Study Design

The study applied a two-stage target trial emulation framework. Stage 1 evaluated early vasopressin strategy among 
norepinephrine-escalated septic shock patients. Stage 2 explored initiation timing among patients who eventually received 
vasopressin.

Methods

Actual ICU infusion events were used to reconstruct vasopressor exposure. Landmark cohorts were constructed at norepinephrine 
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thresholds. Pre-treatment covariates were adjusted using propensity score overlap weighting. Outcomes included mortality, 
vasopressor-free days, shock reversal, renal outcomes, and external validation.

Results

Early vasopressin initiation among all eligible norepinephrine escalation patients was associated with higher mortality odds. 
Among eventual users, earlier initiation showed an exploratory association with improved outcomes. Hemodynamic phenotype 
analysis identified persistent hypotension as an exploratory effect-modification signal.

Conclusion

These findings suggest that vasopressin decisions involve distinct treatment selection and timing processes and support future 
phenotype-guided prospective evaluation.

Important Figures
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Beyond Pressure: Development and External Validation of a Hemodynamic-
Metabolic Framework for Interpreting Norepinephrine Response in Critically Ill 
Patients 

Background 

Despite substantial heterogeneity in metabolic status, norepinephrine (NE) treatment duration, and vasopressor burden among 
critically ill patients, the clinical interpretation of NE escalation is frequently limited to arterial pressure alone. This over-reliance 
on a single hemodynamic parameter may obscure the complex physiological response to NE. Thus, we aimed to develop and 
externally validate a comprehensive hemodynamic–metabolic framework to contextualize NE response beyond isolated arterial 
pressure monitoring.

Methods 

A retrospective observational cohort study was conducted in a primary ICU cohort, with external validation in MIMIC-IV. We 
included patients admitted to ICU, who had hypotension (MAP ≤ 65 mmHg) and initiated NE infusion after ICU admission. The 
framework included three domains: heterogeneous early NE responses, state-dependent NE intensification interpretation (by 
concurrent MAP and lactate), and modification by treatment duration/vasopressor burden. Favorable downstream response was 
defined as simultaneous MAP improvement of at least 10% and lactate reduction of at least 20% within 6 hours after NE initiation. 
Hourly state-space analyses were performed in NE-exposed patients with paired MAP/lactate. External validation in MIMIC-IV 
included two levels: derived-cohort exposure–outcome analysis and hourly raw-table replication. Sensitivity analyses involved 
missing-data imputation and multivariable modeling for 28-day mortality.

Results 

Among the patients who were started on NE alone at a dose between 0.01 (first percentile) and 0.5 (99th percentile) mg/kg/min 
were analyzed. Early response after NE initiation was heterogeneous, with distinct good responder, pressure-only responder, and 
poor responder phenotypes. In the primary state-space analysis, the apparent value of higher contemporaneous NE intensity 
varied across current MAP–lactate states rather than following pressure alone. The final decision map was derived through 
sequential refinement from a raw 4×4 grid to an intermediate 3×3 representation and then to a clinically optimized publication-
ready map. Treatment duration modified the meaning of a given norepinephrine dose, and reaching MAP targets under high 
vasopressor burden was associated with less favorable downstream profiles than achieving those goals with lower vasopressor 
requirements. In MIMIC-IV, higher NE exposure remained associated with worse 28-day mortality, and the hourly MAP–lactate 
state-space pattern was directionally replicated. In sensitivity analyses addressing missing data, the low-MAP, high-lactate region 
continued to exhibit the most unfavorable prognosis, although the strength of the adverse signal was attenuated relative to the 
complete-case analysis. In additional supplementary analyses using clustered bootstrap inference for external hourly validation, 
the most robust and consistent adverse signal remained localized to the low-MAP, high-lactate phenotype.

Conclusions 

Arterial pressure alone incompletely captures NE response in critical illness. A framework integrating MAP–lactate state, NE 
treatment duration, and vasopressor burden enables more clinically meaningful NE interpretation. These findings support the 
framework and generate hypotheses but not definitive causal treatment effects.

Keywords: Norepinephrine, Lactate, Hemodynamic metabolic framework, Septic shock
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Figure 1. Early hemodynamic–metabolic heterogeneity after norepinephrine initiation.

Panel A shows the MAP response trajectory over the first 6 hours after NE initiation across early responder phenotypes. Panel B 
shows the corresponding lactate-response pattern. Good responders were defined as patients achieving both a ≥ 10% increase in 
MAP and a ≥ 20% decrease in lactate within 6 hours after NE initiation; pressure-only responders met the MAP criterion only, and 
poor responders met neither criterion. This figure illustrates that early NE-associated response is heterogeneous even during the 
initial treatment window.

Figure 2. State-dependent interpretation of norepinephrine intensification across current MAP and lactate conditions.

Heatmap showing the observed difference in favorable downstream response across current MAP–lactate states. Cell values 
represent descriptive risk differences between higher-intensity and lower-intensity NE strata within each state cell. Blue indicates 
relatively greater favorable response with higher-intensity support, whereas red indicates lower favorable response. Cells were 
classified as low-information when either comparison stratum contained fewer than 50 observations; these cells were retained 
descriptively but not formally interpreted. 
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Bioelectrical Impedance Analysis for Early Sepsis Identification, Severity 
Assessment, and Post-Stabilization Risk Stratification in Critically Ill Patients With 
Cancer

Objective：Early sepsis identification and risk stratification remain particularly challenging in critically ill patients with cancer. 
Conventional inflammatory biomarkers do not fully capture host physiological vulnerability. We evaluated whether bioelectrical 
impedance analysis (BIA), particularly phase angle (PhA), provides incremental value for early sepsis identification, severity 
assessment, exploratory post-stabilization risk stratification, and longitudinal recovery monitoring in cancer patients with sepsis.

Methods：This single-center prospective observational study comprised two prespecified analytic components: a cross-
sectional diagnostic component at sepsis onset (T0) and a longitudinal cohort component within the sepsis group. A total of 417 
participants were included, including 296 patients with sepsis and 121 non-septic cancer controls. BIA and clinical data were 
collected at T0, after initial clinical stabilization (T1), and after 3-5 days of nutritional support (T2). For diagnostic analysis, elastic 
net logistic regression was used to develop traditional, BIA-only, and combined models. Internal validation was performed using 
500 bootstrap resamples and repeated 10-fold cross-validation. Severity associations were examined using Spearman correlation 
and adjusted linear regression. Exploratory prognostic analyses were performed as T1 landmark analyses. Longitudinal changes 
were evaluated using mixed-effects models, with inverse probability weighting as a sensitivity analysis for incomplete T2 follow-
up.

Results：The combined diagnostic model showed the best discrimination (AUC 0.970, 95% CI 0.949-0.991), followed by the 
traditional model (AUC 0.951) and the BIA-only model (AUC 0.915). Bootstrap optimism-corrected AUCs were 0.955, 0.944, and 
0.897, respectively. PhA remained independently associated with sepsis in the combined model (OR 0.460, 95% CI 0.275-0.801; 
P = 0.003). In adjusted severity analyses, higher PhA was associated with lower SOFA and APACHE II scores, whereas higher ECW/
TBW was associated with higher SOFA. In the T1 landmark analysis, each 1-degree increase in PhA was associated with lower odds 
of adverse outcome (OR 0.207, 95% CI 0.121-0.332; AUC 0.825, 95% CI 0.766-0.885). PhA increased significantly during recovery, 
including in inverse probability-weighted sensitivity analysis.

Conclusion：BIA-derived parameters, especially PhA, provide clinically relevant host-centered information beyond conventional 
biomarkers for early sepsis identification in critically ill cancer patients. PhA was also associated with disease severity and 
recovery-phase improvement, while its post-stabilization prognostic value should be interpreted as exploratory and hypothesis-
generating.
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Cg12712415 位点甲基化抑制 TAK1 表达介导重症肺炎免疫麻痹的分子机制

摘要：

背景：重症肺炎患者在感染过程中常由早期炎症反应过度逐渐转入免疫抑制状态，即免疫麻痹，该状态与继发感染及高死亡率密切相关，
但其分子调控机制及精准干预靶点尚不明确。目的：系统解析重症肺炎免疫麻痹的关键表观遗传调控机制，并筛选潜在干预靶点。方法：
基于临床队列、体外免疫麻痹细胞模型及动物模型，结合 DNA 甲基化芯片与转录组测序开展多组学整合分析，并通过染色质可及性分析、
蛋白 -DNA 互作检测及基因功能实验对关键调控轴进行验证。结果：鉴定 Cg12712415 为关键 DNA 甲基化位点，其在免疫麻痹状态中显
著高甲基化，并与 TAK1 表达呈负相关。进一步研究表明，该位点由 DNMT3A 催化甲基化，通过降低染色质开放性并抑制 RNA 聚合酶 II
结合，从而下调 TAK1 转录并抑制 NF-κB/MAPK 信号通路，导致免疫细胞功能受损。临床分析显示，该位点甲基化与继发感染风险及不良
预后显著相关。动物实验表明，外源性补充 TAK1 可部分恢复免疫功能并改善生存结局。结论：DNMT3A-Cg12712415-TAK1 轴在重症肺
炎免疫麻痹中发挥关键作用，具有潜在诊断标志物及干预靶点价值。

研究内容

1. 研究背景与现状

重症肺炎是临床常见的危重感染性疾病，其病情进展迅速且病死率较高，仍是住院患者死亡的重要原因之一。当前临床治疗以抗感染及多
器官功能支持为核心，虽可在一定程度上控制感染，但部分患者在治疗过程中逐渐出现免疫功能低下，表现为继发感染、病原清除能力下
降以及持续炎症失衡。这种由炎症过度反应向免疫抑制转变的过程被称为免疫麻痹，是影响患者预后的关键病理阶段。

已有研究表明，免疫麻痹并非单一因素所致，而是多层次调控失衡的结果。其中，单核 - 巨噬细胞在该过程中发挥核心作用，其功能受损
不仅直接削弱机体清除病原体的能力，还可通过细胞因子网络抑制 T 细胞及其他免疫效应细胞功能，形成全身性免疫抑制状态。然而，目
前针对其功能抑制的分子机制仍缺乏系统阐述。

近年来，表观遗传调控逐渐成为解释免疫功能重塑的重要理论基础。DNA 甲基化作为重要的表观遗传修饰方式，能够通过改变染色质结构
及转录活性，实现对基因表达的稳定调控。研究发现，在严重感染及炎症耐受过程中，免疫细胞可发生广泛的 DNA 甲基化重编程，但针
对具体功能性甲基化位点、其调控靶基因以及信号通路的研究仍较为有限，成为制约精准干预策略发展的关键科学问题。

2. 研究目的

本研究以重症肺炎免疫麻痹为研究对象，旨在通过多组学整合分析筛选关键 DNA 甲基化位点，解析其对靶基因表达及免疫功能的调控机制，
并进一步评估其在疾病风险预测及靶向干预中的潜在应用价值。

3. 研究设计与方法

本研究采用“临床样本 - 细胞模型 - 动物实验”相结合的研究策略，以提高研究结果的系统性与可靠性。

在体外实验中，通过持续 LPS 刺激构建单核 - 巨噬细胞免疫麻痹模型，以模拟感染后期免疫抑制状态。利用转录组测序及 450K DNA 甲基
化芯片对模型细胞进行分析，筛选差异表达基因及差异甲基化位点，并通过相关性分析构建潜在调控网络。

在临床研究部分，纳入肺炎患者及健康对照，分离 PBMCs 并进行转录组与甲基化检测，同时结合临床随访数据，采用多因素回归模型评
估关键分子与继发感染风险之间的关系，从而验证其临床相关性。

在机制研究中，采用 ChIP-seq 分析 DNA 结合蛋白与目标区域的结合情况，利用 ATAC-seq 评估染色质开放程度，并通过 EMSA 检测蛋白 -DNA
相互作用，以解析关键甲基化位点对基因转录调控的分子机制。同时，通过基因敲低及回补实验验证目标基因在免疫功能调控中的作用。

在动物实验中，构建免疫麻痹模型，并通过巨噬细胞来源外泌体递送目标分子进行干预，系统评估其对免疫功能及生存结局的影响。

4. 研究结果

（1）免疫麻痹模型的建立及表型特征

经 LPS 持续刺激后，单核 - 巨噬细胞表现出典型免疫麻痹特征，包括吞噬能力显著下降、HLA-DR 表达降低以及 IL-1β、IL-6、TNF 等炎症
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因子分泌减少。GSEA 分析显示炎症反应及免疫激活相关通路显著受抑，提示模型成功模拟免疫抑制状态。（图 1 a-d）

（2）多组学整合筛选关键调控轴

通过整合转录组与 DNA 甲基化数据，筛选出多个差异表达基因及差异甲基化位点。进一步相关性分析发现，部分基因表达与特定位点甲
基化呈显著负相关。结合临床数据进行交叉筛选，最终确定 TAK1 为关键靶基因，其对应的 Cg12712415 位点被鉴定为核心调控位点。（图
1 e-j）

（3）临床相关性分析及风险评估

在肺炎患者队列中，Cg12712415 位点甲基化水平在发生继发感染的患者中显著升高。进一步分析显示，该位点甲基化与炎症通路活性下
降及免疫抑制表型密切相关。风险模型提示，该位点甲基化可作为继发感染的独立预测因素之一，具有潜在临床应用价值。（图 2）

（4）DNMT3A 介导的甲基化修饰机制

差异表达分析表明，DNMT3A 在免疫麻痹状态中显著上调，而其他 DNA 甲基转移酶变化不明显。ChIP 实验显示，DNMT3A 可直接结合
Cg12712415 位点附近区域并催化其甲基化。干扰 DNMT3A 表达后，该位点甲基化水平下降，同时 TAK1 表达上调，提示其在该调控过程
中的关键作用。

ATAC-seq 结果表明，该位点甲基化可降低 TAK1 启动子区域的染色质开放程度。进一步研究发现，甲基化状态可阻碍 RNA 聚合酶 II 与启
动子区域结合，从而抑制转录起始。报告基因实验进一步证实，甲基化启动子活性显著下降，表明该位点甲基化直接参与 TAK1 转录调控。
（图 3）

（5）TAK1 在免疫功能中的作用及机制

功能实验表明，TAK1 表达降低可显著抑制单核 - 巨噬细胞吞噬能力、炎症因子分泌及抗原呈递功能，同时抑制 NF-κB 及 MAPK 信号通路活化。
恢复 TAK1 表达后，上述功能可部分恢复，提示其在维持免疫反应中的关键作用。此外，TAK1 缺失还可通过细胞间调控抑制 CD8+T 细胞
功能并促进调节性 T 细胞扩增，进一步加重免疫抑制状态。（图 4、5）

（6）靶向干预的治疗效果验证

在免疫麻痹小鼠模型中，通过外泌体递送 TAK1 后，可显著改善免疫抑制表型，包括炎症因子表达恢复、吞噬功能增强及免疫细胞比例改善。
生存分析显示，干预组小鼠生存时间显著延长，提示该调控轴具有潜在治疗价值。（图 6、7）

5. 结论

本研究从表观遗传调控角度系统阐明了重症肺炎免疫麻痹的分子机制，明确 DNMT3A 介导的 Cg12712415 位点甲基化通过抑制 TAK1 表达，
进而调控 NF-κB/MAPK 信号通路并导致免疫功能抑制。该调控轴不仅参与疾病发生发展，还与临床预后密切相关，具有潜在的诊断及靶
向干预价值，为重症肺炎的精准治疗提供了新的理论依据。
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Chronic Critical Illness and Persistent Inflammation Immunosuppression 
Catabolism Syndrome: A Comparative Clinical Outcomes Study 

Chronic critical illness (CCI) and persistent inflammation immunosuppression and catabolism syndrome (PICS) represent 
significant challenges in intensive care medicine, contributing to prolonged hospitalizations, poor functional outcomes, and 
increased mortality. However, the relationship between these conditions remains incompletely understood. This study aimed to 
investigate the clinical features, laboratory parameters, and prognostic outcomes in patients with CCI, PICS, or both conditions, 
while exploring whether PICS serves as an independent factor or a consequence of prolonged CCI.

This prospective observational study enrolled patients from the intensive care units (ICUs) of Suzhou Municipal Hospital and 
Suzhou Ninth People's Hospital between July 2021 and March 2022. Inclusion criteria comprised ICU stay ≥ 14 days and age ≥ 18 
years. Exclusion criteria included immunosuppressant/corticosteroid use, congenital/acquired immunodeficiency, pregnancy, 
and refusal of informed consent. Patients were classified into four distinct groups based on established diagnostic criteria: PICS 
only, CCI only, combined CCI+PICS, and neither CCI nor PICS (NCCI+NPICS). CCI was defined by ICU stay ≥ 14 days plus at least 
one of the following: continuous mechanical ventilation, tracheotomy, serious infection, severe trauma, or multiple organ failure. 
PICS was defined by persistent ICU stay ≥ 14 days, CRP >150 μg/dL, lymphocyte count <0.8×109/L, and albumin <30 g/L or other 
catabolic markers. We collected comprehensive clinical data including demographics, hospital diagnoses, severity scores (APACHE 
II, SOFA), inflammatory markers (CRP), immunological parameters (lymphocyte counts), nutritional indices (serum albumin), and 
outcomes (length of stay, secondary infections, 28-day mortality). Statistical analyses included ANOVA, Kruskal-Wallis tests, chi-
square tests, and univariate and multivariate logistic regression.

Among 687 ICU admissions during the study period, 168 patients met the inclusion criteria after applying exclusion parameters: 
17 with PICS only (10.1%), 71 with CCI only (42.3%), 50 with CCI+PICS (29.8%), and 30 with NCCI+NPICS (17.8%). Baseline 
characteristics revealed significant differences in SOFA scores (median: PICS=9, CCI=8, CCI+PICS=8.5, NCCI+NPICS=4.5; p=0.008), 
hospital length of stay (median days: PICS=27, CCI=24, CCI+PICS=36.5, NCCI+NPICS=20; p=0.001), and 28-day mortality rates 
(PICS=35.3%, CCI=21.1%, CCI+PICS=48.0%, NCCI+NPICS=26.7%; p=0.016). Multiple comparisons demonstrated that the CCI+PICS 
group had significantly longer hospitalizations compared to both CCI and NCCI+NPICS groups (p<0.05), as well as higher mortality 
than the CCI group (p<0.05). Laboratory parameters showed distinctive patterns across groups, with absolute lymphocyte 
counts significantly lower in PICS and CCI+PICS groups compared to CCI and NCCI+NPICS groups on days 14 and 21 (p<0.001). 
Similarly, albumin levels were lower in the CCI+PICS group versus CCI group on day 14 (30.15 vs. 33.90 g/L; p<0.05) and versus 
NCCI+NPICS on day 21 (31.00 vs. 34.60 g/L; p<0.05). CRP values were higher in the CCI+PICS group compared to both PICS and 
NCCI+NPICS groups on day 21 (67.70 vs. 33.58 and 21.36 mg/L, respectively; p<0.05). Respiratory and cardiovascular causes were 
the predominant reasons for ICU admission across all groups. In multivariate analysis, age (OR=0.94, 95%CI 0.91-0.98; p=0.001), 
CRP on days 14 (OR=0.99, 95%CI 0.98-1.00; p=0.001) and 21 (OR=6.15, 95%CI 1.03-36.60; p=0.046), and albumin on days 1 (OR=1.09, 
95%CI 1.01-1.17; p=0.035) and 21 (OR=0.98, 95%CI 0.97-0.99; p<0.001) emerged as independent prognostic factors, while 
lymphocyte counts did not maintain significance in the multivariate model.

This study demonstrates a progressive worsening of clinical outcomes across the four patient groups, with the combined CCI+PICS 
group exhibiting the poorest prognosis. The identification of clinically isolated PICS suggests it may function as an inducement 
or independent factor that exacerbates CCI, rather than merely representing a consequence of prolonged critical illness. The 
synergistic negative impact when both conditions coexist supports a potential vicious cycle model where persistent organ 
dysfunction in CCI leads to PICS, which in turn further worsens organ function. Age emerged as a non-modifiable prognostic 
factor, potentially reflecting age-related immunosenescence and diminished compensatory mechanisms. The persistent elevation 
of inflammatory markers (CRP) and decline in nutritional indices (albumin) throughout the ICU stay highlight the central role of 
ongoing inflammation and catabolism in determining outcomes.

Our findings suggest two potential pathophysiological pathways. In the first, external threats trigger inflammation, 
immunosuppression, and/or catabolism leading to organ dysfunction (SOFA ≥ 2), which if persistent, results in CCI and eventually 
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PICS through a vicious inflammatory-immunosuppressive-catabolic cycle. Alternatively, particularly strong external threats or 
poor baseline patient condition may directly trigger the complete PICS phenotype from the outset. The lymphocyte findings raise 
questions about current PICS diagnostic criteria, as lymphopenia did not emerge as an independent prognostic factor despite 
being central to the immunosuppression component of PICS.

These results have important clinical implications. Early identification of high-risk patients—particularly elderly individuals with 
persistent inflammatory and catabolic markers—could facilitate targeted interventions to prevent progression to the combined 
CCI+PICS state. Such interventions might include enhanced nutritional support, early mobilization, personalized immune 
modulation, and aggressive infection prevention strategies. Furthermore, the study underscores the need for multidisciplinary 
approaches addressing the complex interplay between persistent inflammation, immunosuppression, and catabolism in critically 
ill patients with prolonged ICU stays. Future research should focus on validating more precise diagnostic markers, developing 
predictive models for early identification, and exploring targeted therapeutic interventions that could interrupt the CCI-PICS 
vicious cycle and improve long-term outcomes in this challenging patient population.
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Clinical and Prognostic Insights into Pneumocystis Pneumonia in Non-HIV-
Infected Patients: A single-center Retrospective Analysis

This study aims to characterize the clinical features, prognostic factors, and treatment outcomes of Pneumocystis pneumonia (PCP) 
in non-HIV-infected patients, as its incidence continues to rise in this population.

Clinical data from 375 non-HIV-infected PCP patients treated at a tertiary medical center in Anhui, China, between January 2018 
and December 2022 were retrospectively analyzed.

Among the 375 patients with PCP included in the study, 271 (72.3%) were male and 104 (27.7%) were female, showing a significant 
gender difference (P < 0.001). There were 243 patients in the survival group and 132 in the non-survival group, resulting in an 
overall mortality rate of 32.5%. Of the 159 patients admitted to the ICU, 31 survived while 128 did not, leading to an ICU mortality 
rate of 80.5%.

A total of 274 (73.1%) patients (124 in the survival group and 132 in the non-survival group) had co-infections, which were 
identified as a significant risk factor for poor prognosis (P < 0.001).

A total of 146 (38.9%) patients (14 in the survival group and 132 in the non-survival group) required mechanical ventilation (both 
invasive and non-invasive). Patients requiring ICU admission and/or mechanical ventilation demonstrated significantly worse 
outcomes (P < 0.001), while the length of ICU stay did not significantly affect prognosis.

Regarding laboratory indicators, decreased albumin levels and increased blood urea nitrogen and/or blood glucose were 
identified as risk factors associated with non-survival (P = 0.001, P = 0.001, and P = 0.03, respectively). Other laboratory indicators 
were not significantly associated with prognosis.

Logistic multivariate regression analysis identified the following as independent risk factors for poor prognosis in the non-survival 
group: male gender (OR = 1.238, 95% CI: 1.094–1.402, P = 0.001), elevated serum urea nitrogen (OR = 1.167, 95% CI: 1.056–1.290, P 
= 0.002), co-infection with multiple viruses (OR = 4.605, 95% CI: 1.418–14.953, P = 0.011), and co-infection with cytomegalovirus (OR 
= 4.423, 95% CI: 1.172–16.695, P = 0.028).

Pneumocystis pneumonia in non-HIV-infected patients is marked by acute onset, rapid progression, severe symptoms, and a 
poor prognosis. Key risk factors associated with poor outcomes in this population include male gender, elevated urea nitrogen 
levels, co-infection with multiple viruses, and co-infection with cytomegalovirus (CMV). A thorough understanding of the disease's 
characteristics and prognostic factors is crucial for identifying high-risk patients, implementing preventive strategies, and making 
timely and informed medical decisions after disease onset.
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Demographic and socioeconomic disparities in invasive mechanical ventilation 
use across China: a national cross-sectional study

To describe the utilization, incidence, and in-hospital mortality rates of IMV and examine the association between provincial 
human development level (HDI) and IMV epidemiological profiles.

In this national cross-sectional study, we used data from the National Data Center for Medical Service and public databases 
covering 4111 hospitals in 30 provinces of mainland China, including all patients receiving IMV between Jan 1 and Dec 31, 2022. 
We estimated age-standardized utilization, incidence, and in-hospital mortality, stratified by age, sex, and provincial HDI stratum. 
Regional inequality was quantified with the Gini coefficient and HDI associations with Spearman's rank correlation.

A total of 1,334,939 IMV patients were included (mean age 60.2 years [SD 22.4]; 64.1% male). Pneumonia and influenza were the 
leading primary diagnoses in non-surgical patients (19.3%), while cerebrovascular diseases predominated among surgical patients 
(20.3%). The national age-standardized IMV incidence was 146 (95% CI: 145–147) per 100,000 population, higher in upper-middle 
HDI regions (155, 95% CI: 154-155) than lower-middle region (134, 95% CI: 133-135). Males had a 1.9-fold higher incidence than 
females (195 vs 104 per 100,000 population). IMV incidence increased progressively with age. A significant positive correlation was 
observed between HDI and IMV utilization (Spearman R = 0.464, P = 0.010). Gini coefficients were 0.34 and 0.33 in upper-middle 
and lower-middle regions, respectively. Age-standardized in-hospital mortality varied widely across provinces (range: 7%–33%) 
and was higher in lower-middle regions.

IMV utilization in China is shaped by pronounced demographic and socioeconomic disparities. The divergence between HDI-
driven capacity and clinical need underscores the urgency of need-based critical care resource allocation, equitable infrastructure 
investment, and long-term capacity planning amid China's rapidly ageing population.
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Development and evaluation of a machine learning-based risk prediction model 
for enteral feeding intolerance in sepsis patients

Early detection and prediction of enteral nutrition intolerance (EFI) are essential for effective management of septic patients. This 
study seeks to develop an interpretable machine learning (ML) model for predicting EFI in septic patients.

Data were collected from septic patients admitted to the ICU and receiving enteral nutrition at a tertiary hospital in Shandong 
Province between January 2023 and July 2025. A retrospective cohort was randomly divided into training and validation sets in 
a 7:3 ratio. Feature selection was performed using univariate analysis and binary logistic regression. Five independent machine 
learning models—Random Forest (RF), Support Vector Machine (SVM), Neural Networks, and XGBoost—were developed and 
evaluated based on the area under the receiver operating characteristic curve (AUROC), accuracy, sensitivity, specificity, and F1 
score. The Shapley Additive Explanation (SHAP) method was applied to interpret the predictive model.

The study included 549 septic patients, with an EFI incidence of 34.6%. Six key features were selected for model development: 
age, APACHE II score, albumin levels, receipt of continuous renal replacement therapy, enteral nutrition start time, and intra-
abdominal pressure. Among the models, the RF model demonstrated the best performance, with an AUC of 0.891, accuracy of 
0.830, F1 score of 0.771, specificity of 0.869, and sensitivity of 0.763. SHAP analysis identified albumin levels as a protective factor 
for EFI in septic patients.

The RF model showed strong predictive performance for EFI in septic patients; however, further validation in large multicenter 
cohorts is needed before clinical application. Future research should focus on early identification of high-risk patients through 
clinical data analysis, enabling timely intervention and more efficient use of limited healthcare resources.

姓名：魏振港，刘聪聪，张继承

单位：山东省立医院

类别 :// 临床研究：设计规范的各类临床研究及研究方案报告



060     CCCC 2026

Development and Internal Validation of an Interpretable Machine Learning Model 
for Predicting 28-Day Mortality in Critically Ill Patients Undergoing Invasive Prone 
Position Ventilation

Abstract

Background: Acute respiratory distress syndrome (ARDS) is a life‑threatening form of acute hypoxemic respiratory failure with 
substantial mortality. Prone position ventilation (PPV) is a key supportive therapy for moderate-to-severe ARDS, yet patient 
outcomes remain highly heterogeneous. An interpretable prognostic model may help identify high-risk patients before PPV and 
support clinical decision-making. 

Methods: We retrospectively enrolled ARDS patients who received PPV in the ICU of Zhongshan Hospital, Fudan University, 
between October 2019 and August 2025. The primary outcome was 28-day mortality. Candidate predictors measured within 24 
hours before the first PPV session were collected. The dataset was split into a stratified training set (70%) and test set (30%) (seed 
= 123). Feature selection and model training were performed in the training set, and four models—logistic regression (LR), random 
forest (RF), support vector machine (SVM), and XGBoost—were developed with 5-fold cross-validation. Model discrimination 
and classification performance were assessed using ROC-AUC, PR-AUC, accuracy, sensitivity, specificity, precision, F1-score, and 
Brier score. The best-performing model was further compared with the APACHE II score to assess relative predictive performance. 
SHapley Additive exPlanations (SHAP) were applied to interpret the contribution of individual predictors in the optimal model. 

Results: A total of 358 patients were included, with a 28-day mortality of 69.3%. XGBoost showed the best discrimination on the 
test set (ROC-AUC = 0.790, PR-AUC = 0.927). SHAP analysis demonstrated that age, pH, potassium, ionized calcium, platelet count 
(PLT), monocyte percentage (MO%), systolic blood pressure (SBP), dynamic compliance (Cdyn), and continuous renal replacement 
therapy (CRRT) contributed substantially to mortality prediction in the XGBoost model. 

Conclusions: An XGBoost model incorporating variables collected within 24 hours before first PPV initiation showed favorable 
discrimination for predicting 28-day mortality in ARDS patients undergoing prone position ventilation. The model may facilitate 
early risk stratification and support individualized clinical decision-making by identifying patients at high risk of poor outcomes 
despite PPV. Further multicenter validation is required to confirm generalizability. 

Keywords:

Acute respiratory distress syndrome; Prone position ventilation; Mortality; Machine learning; Prediction model; XGBoost; Intensive 
care unit.

Introduction

ARDS is an acute hypoxemic respiratory failure caused by pulmonary inflammation, characterized by rapid onset, severe clinical 
manifestations, and high mortality[1]. Global data show that ARDS accounts for approximately 10.4% of all ICU admissions, with 
about 40% of patients dying duringhospitalization[2]. Currently, etiological treatment, respiratory support, and anti-infective 
therapy constitute the main treatment strategies for ARDS[3]. As a form of respiratory support, PPV hasbeen shown to improve 
oxygenation and confer substantial survival benefits since it was first applied in patients with ARDS in 1976[4]. Compared with the 
supine position, PPV improves ventilation–perfusion (V/Q) matching, reduces intrapulmonary shunt, enhances oxygenation, and 
decreases overdistension in nondependent lung regions as well as cyclic collapse of alveoli independent regions[5]. Some studies 
have suggested that PPV may also exert beneficial effects on cardiac function. For example, in conditions of increased right 
ventricular load or cardiac output–dependent states, PPV may help improve venous return and pulmonary circulation perfusion
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[6]. Since large randomized controlled trials such as PROSEVA demonstrated a survival benefit[7], PPV has been incorporated 
into multiple international guidelines and is recommended as a key therapeutic strategy for patients with moderate to severe 
ARDS[8]. The COVID-19 pandemic and the updated definitions of ARDS[9] have further expanded the application of PPV to non-
intubated, awake patients with hypoxemic respiratory failure, making it a routine clinical intervention. However, in clinical 
practice, not all ARDS patients receiving PPV exhibit consistent treatment responses; some show only limited or no improvement 
in oxygenation after pronepositioning[10,11]. In recent years, with the rapid development of artificial intelligence and machine 
learningtechnologies, an increasing number of studies have utilized large-scale, multivariable data todevelop predictive models 
for clinical decision-making and risk stratification in critically ill patients. Some studies have attempted to predict the effects of 
PPV on oxygenation using demographic, physiological, and laboratory variables; however, an interpretable model for predicting 
28-day mortality in ARDS patients before PPV remains lacking. Therefore, this study aims to develop and internally validate a 
prognostic model that estimates the individual probability of 28-day mortality at the time of first prone positioning initiation 
(t0) in mechanically ventilated ARDS patients, using predictors routinely available within the 24 hours preceding t0. The model 
is intended to support early risk stratification and shared decision-making regarding escalation strategies, rather than to infer 
causal treatment effects. 

Methods

Study Design and Population

This was a single-center, retrospective observational cohort study including patients with ARDS admitted to the ICU of Zhongshan 
Hospital, Fudan University, between October 2019 and August 2025. This study was approved by the Institutional Ethics 
Committee (NO. B2026-019) and registered at ClinicalTrials.gov (NCT07445061). The inclusion criteria were:

(1) Diagnosis of ARDS according to the Berlin definition[12];

(2) Receipt of at least one session of PPV during hospitalization;

(3) Requirement for mechanical ventilation. The exclusion criteria were:

(1) Age <18 years;

(2) Duration of PPV <6 hours[13];

(3) Receipt of awake prone positioning;

(4) Pregnancy;

(5) ICU length of stay <2 days. To ensure sample representativeness, no selective inclusion was performed among patients 
receiving PPV. All patients received standardized critical care treatment and nursing. Clinical data were extracted from the hospital 
information system, including demographic characteristics, vital signs, laboratory results, therapeutic interventions, and ICU 
outcomes. This study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University (B2026-019) and conducted 
in accordance with the Declaration of Helsinki. All data were de-identified prior to analysis to ensure patient confidentiality (Figure 
1).



062     CCCC 2026

Figure 1. Study flowchart and machine learning model development. 

ICU, intensive care unit; LASSO, least absolute shrinkage and selection operator; LR, logistic regression; RF, random forest; SVM, 
support vector machine; XGBoost, extreme gradient boosting; ROC, receiver operating characteristic; PR, precision–recall; SHAP, 
SHapley Additive exPlanations; APACHE II, Acute Physiology and Chronic Health Evaluation II. 

Outcome Variable Index time (t0) was defined as the start time of the first prone positioning session. The primary outcome was 
all-cause mortality within 28 days after t0, ascertained from the hospital death registry and electronic medical records. All patients 
were followed up for 28 days, and no censoring occurred. 

Predictor Variables Baseline clinical characteristics and key variables were collected within 24 hours before first PPV. If multiple 
measurements were available for the same variable, the value closest to t0 was used. These included:

(1) Demographic factors: age, sex, body mass index (BMI), major comorbidities (diabetes, hypertension, chronic lung disease, 
immunosuppression, etc.), and ARDS etiologies (pneumonia, aspiration, sepsis, malignancy, etc.);

(2) Disease severity: APACHE II score at ICU admission, ARDS severity classification, and COVID-19 infection status;

(3) Laboratory variables: arterial blood gas results, complete blood count, inflammatory markers, biochemical parameters, and 
coagulation indices prior to the first PPV session;

(4) Organ support measures: use of CRRT or extracorporeal membrane oxygenation (ECMO) before the first PPV session;

(5) Microbiological findings: presence of bacterial, fungal, or viral infections before the first PPV session;

(6) Other variables: lung compliance and CT classification (1 = focal, 2 = diffuse). All variables were measured using standard 
clinical procedures. Arterial blood gas analysis was performed on arterial samples, laboratory parameters were tested in the 
hospital’s central laboratory, and respiratory mechanics were obtained from ventilator monitoring data. 

Data Preprocessing The proportion of missing data was calculated for each variable. Variables with more than 20% missing 
values or with evidence of non-random missingness were excluded to reduce potential bias. For variables with a lower proportion 
of missing data that were assumed to be missing at random, multiple imputation (MI) was performed. Multiple imputation was 
conducted using five imputations (m = 5). The proportion of missing data for variables included in the LASSO analysis (missingness 
<20%) is presented in Figure S1. 

To reduce the impact of multicollinearity, Pearson or Spearman correlation matrices were calculated for all continuous candidate 
predictors. Variance inflation factors (VIFs) were also computed. When the correlation coefficient between two variables 
exceeded 0.7, only the clinically more meaningful variable was retained. Variables with VIF >5 were considered to have significant 
multicollinearity and were either excluded or transformed (e.g., logarithmic transformation or ratio calculation). After these 
preprocessing steps, the final feature set was used for model development. 

Feature Selection

The dataset was randomly divided into a training set and a test set at a ratio of 7:3 using stratified sampling to preserve the 
distribution of the outcome variable. Feature selection was performed using LASSO in the training set, and selected non-zero-
coefficient variables were used for downstream modeling. By introducing an L1-norm penalty into the LR model, LASSO shrinks 
regression coefficients toward zero and eliminates less informative variables, thereby enabling variable selection.

Cross-validation methods include k-fold cross-validation and leave-one-out cross-validation. Since leave-one-out cross-validation 
may lead to overfitting in small samples, k-fold cross-validation is generally preferred [14]. Therefore, five-fold cross-validation 
was used to determine the optimal regularization parameter (λ) in the LASSO model. Model Development and Evaluation Four 
commonly used supervised machine learning algorithms were employed to build prediction models: LR, RF, SVM, and XGBoost. 
LR is a traditional generalized linear model with good interpretability. RF and XGBoost are tree-based ensemble methods: RF 
aggregates multiple decision trees using bagging, whereasXGBoost trains trees sequentially using gradient boosting; these 
methods are advantageous forcapturing nonlinear relationships and complex feature interactions. SVM is a margin-based 
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supervised learning algorithm that constructs an optimal hyperplane to maximize class separation and can effectively model 
nonlinear boundaries through kernel-based transformations. Within the training set, random search combined with five-fold 
cross-validation was used to optimize model hyperparameters, and the parameter set yielding the highest cross-validated AUC 
was selected. The final models were then trained using the optimal parameters and evaluated on the independent test set using 
receiver operating characteristic (ROC) analysis and multiple performance metrics. The AUC, accuracy, sensitivity, specificity, 
precision, F1-score and Brier score obtained from the test set were used to evaluate the overall performance of the models. Model 
performance was evaluated using both ROC-AUC and PR-AUC to provide a more informative assessment under class imbalance. 
Threshold-dependent metrics (accuracy, sensitivity, specificity, precision, and F1-score) were computed using a cutoff selected by 
the Youden index on the training set ROC curve, and then fixed for evaluation on the independent test set. 

SHAP-Based Model Interpretability

To enhance interpretability, we applied SHapley Additive exPlanations (SHAP) to the best-performing model. SHAP values were 
computed to quantify the marginal contribution of each feature to the predicted mortality risk at both the individual and global 
levels, and were visualized using summary plots.

Statistical Analysis

All statistical analyses were performed using R version 4.4.2. Baseline characteristics of the study population were described using 
descriptive statistics. Continuous variables were presented as median (interquartile range). Categorical variables were presented 
as counts (percentages). Comparisons between survivors and non-survivors were conducted using the independent-samples 
t-test or Mann–Whitney U test for continuous variables, and the chi-square test or Fisher’s exact test for categorical variables. All 
statistical tests were two-sided, and a p value <0.05 was considered statistically significant. 

Results

Clinical Characteristics

A total of 358 ARDS patients who received PPV were included in this study (Table S1). Among them, 110 patients (31%) survived 
and 248 patients (69%) died. The cohort comprised 275 males (77%) and 83 females (23%). The median age was 71 years (IQR: 
64–79), and the median body mass index (BMI) was 23.26 kg/m² (IQR: 20.76–25.40). The median APACHE II score was 21 (IQR: 14–
27). The burden of comorbidities was relatively high, with hypertension being the most common (59%, n=213), followed by tumor 
(32%, n=116) and diabetes (25%, n=91). Most patients received invasive mechanical ventilation on the day of ICU admission. 
Some patients were initially treated with noninvasive ventilation or high-flow oxygen therapy and were subsequently intubated 
due to worsening oxygenation. During the course of ARDS, 29 patients required extracorporeal membrane oxygenation (ECMO) 
because adequate oxygenation could not be maintained with conventional therapy, and 109 patients received CRRT. Compared 
with survivors, non-survivors were older (72.5 vs. 68 years, p < 0.05), had higher APACHE II scores (21 vs. 20, p = 0.037), more 
frequent diffuse CT patterns (61% vs. 39%, p < 0.05), a higher rate of CRRT use (35% vs. 19%, p < 0.05), and a shorter ICU stay (13.9 
vs.22.86, p < 0.05). At enrollment, significant differences were observed between survivors and non-survivors in arterial blood gas, 
biochemical, and hemodynamic parameters (Table S2). Compared with survivors, non-survivors had lower ionized calcium levels (1 
mmol/L vs. 1.02 mmol/L, p < 0.05), platelet (132 ×109/L vs. 176 ×109/L, p < 0.05), and monocyte percentages (3.3% vs. 4%, p < 0.05). 
In contrast, non-survivors showed higher lactate levels (1.83 vs. 1.47 mmol/L, p < 0.05), international normalized ratio (1.26 vs. 
1.22, p < 0.05), cardiac troponin T (0.05 vs. 0.02 ng/L, p < 0.05), interleukin-8 (87 vs. 61 pg/mL, p < 0.05), and systolic blood pressure 
(118.5 vs. 130 mmHg, p < 0.05). CRP levels appeared numerically higher in survivors than in non-survivors (103.35 vs. 90.00, P < 
0.05), although the distributions overlapped considerably. This counterintuitive pattern in the univariate comparison may reflect 
underlying confounding factors and heterogeneity in inflammatory responses at the time of measurement. 

Feature Selection Results

A total of 63 candidate variables were entered into the LASSO regression. For LASSO, five-fold cross-validation was used to 
determine the optimal regularization parameter (λ); the minimum cross-validation error was achieved at λ = 0.03026484 (λmin), 
and a more parsimonious model was obtained using the one–standard error rule at λ = 0.04819018 (λ1se). As λ increased, less

informative predictors were progressively shrunk toward zero coefficients. Using λ1se, the LASSO procedure selected 9 variables 
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with nonzero coefficients: Age, pH, potassium, ionized calcium, PLT, MO%, SBP, Cdyn, and use of CRRT (Figure 2). All subsequent 
machine learning models were trained and compared using these 9 selected features as inputs.

Figure 2. Feature selection. 

(A) LASSO cross-validation error plot: This panel illustrates the process of selecting the optimal regularization parameter in the 
LASSO model using cross-validation. The left dashed line indicates the λ value corresponding to the minimum cross-validation 
error and the number of variables included at that point, whereas the right dashed line represents the λ value that yields the 
most parsimonious model within one standard error of the minimum error; (B) LASSO coefficient path plot: This panel shows the 
coefficient trajectories of the predictors during LASSO regression. Each colored curve represents the coefficient of a variable. As 
λ decreases (i.e., − log(λ) increases), the coefficients gradually emerge from zero. By combining the − log(λ) scale on the bottom 
axis with the number of nonzero coefficients on the top axis, the plot visually demonstrates the dynamic process of variable 
selection and the trade-off between regularization strength and model complexity.

Model Evaluation and Comparison

Based on the selected features, four prediction models—LR, RF, SVM, and XGBoost—were developed to predict 28-day mortality 
in ARDS patients receiving PPV. Five-fold cross-validation was applied within the training set for model tuning , and the 
corresponding ROC curves are presented in Figure S2. The final performance was evaluated on the test set (Figure 3).

Figure 3. Model performance evaluated by receiver operating characteristic (ROC) curves. 

(A) ROC curves of four machine learning models in the training set based on 5-fold cross-validation. The x-axis represents 1 
− specificity and the y-axis represents sensitivity. The area under the curve (AUC) values are presented as mean ± standard 
deviation across the cross-validation folds. (B) ROC curves of four machine learning models in the independent test set. The 
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AUC value with 95% confidence intervals (CIs) are reported for each model. The diagonal dashed line indicates no discriminative 
ability (AUC = 0.5). Among the four models evaluated, XGBoost achieved the best performance, with an accuracy of 0.692, ROC-
AUC of 0.790, precision of 0.887, and a PR-AUC of 0.927, indicating robust performance in identifying high-risk patients under 
class imbalance. RF demonstrated the most balanced overall performance, with an AUC of 0.753 and the highest F1-score (0.815). 
LR and SVM yielded comparable results (AUC: 0.749 and 0.751; F1-score: 0.743 and 0.651). Overall, all models showed acceptable 
discrimination, while XGBoost demonstrated relatively better predictive performance (Table 1).

Table 1 Performance of machine learning models for predicting 28-day mortality

LR, logistic regression; RF, random forest; SVM, support vector machine; AUC, area under the receiver operating characteristic 
curve; PR-AUC, area under the precision–recall curve. To further evaluate the clinical utility of the model, XGBoost was compared 
with the APACHE II score. Compared with APACHE II, XGBoost showed higher discrimination (AUC 0.790 vs 0.610). The difference 
between the two AUCs was statistically significant (P < 0.05, DeLong test). These results suggest that the machine learning 
model provides superior predictive accuracy compared with the traditional scoring system for 28-day mortality in ARDS patients 
receiving PPV (Figure4).

Figure 4. ROC curve comparison between the XGBoost model and the APACHE II score. 

The ROC curves illustrate the discriminative performance of the two models in predicting 28-day mortality. The x-axis represents 1 
− specificity, and the y-axis represents sensitivity. The diagonal dashed line indicates no discrimination (AUC = 0.5). The XGBoost 
model demonstrated superior predictive performance compared with the APACHE II score. AUC values are shown in the figure, 
and the difference between the two ROC curves was statistically significant according to the DeLong test (P < 0.05).

Variable importance and variable interpretation

SHAP analysis demonstrated that PLT was the most influential predictor in the XGBoost model, followed by Age and MO%. 
Potassium, Ionized Calcium, SBP, Cdyn, CRRT, and pH also showed relevant contributions, although with lower relative 
importance. The beeswarm plot indicated that lower PLT, lower MO%, lower Ionized Calcium, lower SBP, lower Cdyn, and lower 
pH were associated with positive SHAP values and increased predicted mortality risk. Conversely, advanced age and elevated 
Potassium levels contributed positively to mortality prediction. The use of CRRT was likewise associated with higher SHAP values, 
suggesting an increased predicted risk of 28-day mortality (Figure 5).
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Figure 5. SHAP analysis of the XGBoost model.

 (A) SHAP beeswarm plot showing the distribution of SHAP values for each feature across all patients. Each dot represents an 
individual observation, with color indicating the feature value; (B) SHAP importance plot showing the mean absolute SHAP values 
of each feature, reflecting their overall contribution to the model; PLT, platelet count; MO%, monocyte percentage; SBP, systolic 
blood pressure; Cdyn, dynamic lung compliance; CRRT, continuous renal replacement therapy.

Discussion

In this study, we developed a machine learning–based model to predict 28-day mortality in ARDS patients receiving PPV. Using 
variables obtained within 24 hours prior to PPV initiation, the XGBoost model demonstrated good discriminative performance 
(AUC = 0.791) with balanced accuracy, suggesting potential clinical utility for early risk stratification. Although prone positioning 
is widely recommended for moderate to severe ARDS [15], its survival benefit remains heterogeneous across patients. While 
improvements in oxygenation are frequently observed, they do not consistently translate into reduced mortality, highlighting a 
“physiological–clinical dissociation [16]”. A meta-analysis of five randomized controlled trials involving 1,372 patients similarly 
concluded that although PaO2/FiO2 significantly improved, prone positioning was not associated with a significant reduction 
in mortality in ALI/ARDS patients [17]. In contrast, the PROSEVA trial demonstrated a substantial survival benefit, with a 28-
day mortality of 16.0% in the prone group compared with 32.8% in the supine group, representing a 50% relative reduction 
in mortality [7]. More recent studies have confirmed that PPV not only improves oxygenation but also optimizes ventilation–
perfusion matching and reduces overdistension in nondependent lung regions, thereby facilitating lung-protective ventilation 
strategies and decreasing the risk of ventilator-induced lung injury [18,19]. Based on these physiological and survival benefits, 
multiple guidelines now recommend PPV as a standard therapy for patients with moderate to severe ARDS [20]. However, clinical 
responses to PPV remain highly heterogeneous. Therefore, identifying patients at high risk of poor outcomes despite PPV in terms 
of survival should become a key focus of clinical assessment and management. These patients essentially represent a higher-
risk subgroup, and early identification may allow clinicians to initiate more aggressive rescue therapies, such as extracorporeal 
membrane oxygenation (ECMO). Previous studies have explored prediction of nonresponse to prone positioning [13] or 
identification of ARDS subphenotypes among patients receiving PPV[21] , but these studies primarily focused on oxygenation 
outcomes rather than survival. The 28-day mortality rate in our cohort was substantially higher than that reported in landmark 
trials such as PROSEVA. This likely reflects differences in patient populations, as our study was conducted in a large tertiary referral 
center, where patients tend to have more advanced disease severity and a higher burden of multiorgan dysfunction. In addition, 
the inclusion of patients during the COVID-19 pandemic may have further contributed to the increased mortality. These factors 
may limit the external generalizability of the model and should be considered when interpreting the results.The model leverages 
variables obtained within 24 hours prior to PPV initiation. When coagulopathy or renal failure is already present, the benefit of PPV 
may be limited. Early identification may facilitate timely escalation of care, such as ECMO. Among the evaluated models, XGBoost 
achieved the best overall performance, likely due to its ability to capture nonlinear relationships and complex feature interactions 
while incorporating regularization to reduce overfitting. In contrast, RF showed higher sensitivity but lower specificity, possibly 
reflecting bias toward the majority class in this imbalanced cohort. The slightly lower
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AUC observed in cross-validation compared with the test set is expected, as cross-validation provides a more conservative 
estimate based on out-of-fold predictions. SHAP analysis further revealed that the model primarily reflects integrated 
pathophysiological domains. Variables related to coagulation and inflammation (e.g., platelet count and monocyte percentage), 
electrolyte and metabolic disturbances (e.g., potassium, ionized calcium, and pH), and hemodynamic and organ dysfunction 
(e.g., SBP, dynamic compliance, and CRRT) jointly contributed to mortality prediction. Specifically, thrombocytopenia, advanced 
age, hyperkalemia, hypocalcemia, and hemodynamic instability were consistently associated with increased predicted risk. 
These findings are consistent with prior evidence indicating that multiorgan dysfunction, rather than isolated respiratory failure, 
is a key determinant of prognosis in ARDS. This study has several limitations. First, it was a single-center retrospective study 
with a relatively limited sample size, which may restrict generalizability. Second, only variables at the time of PPV initiation 
were included, and dynamic changes over time were not analyzed. Third, some potentially important variables, such as detailed 
hemodynamic indices and ventilatory parameters (e.g., driving pressure and tidal volume), were not incorporated. Finally, 
although COVID-19 status was recorded, it was not retained in the final model, and further validation in different subgroups is 
warranted. 

Conclusions

In this study, we developed and internally evaluated a machine learning–based model using variables collected within 24 
hours prior to PPV initiation to predict 28-day mortality in ARDS patients after PPV, demonstrating acceptable discriminative 
performance. The final predictor set included Age, pH, potassium, ionized calcium, PLT, MO%, SBP, Cdyn, and CRRT. Among the 
evaluated algorithms, XGBoost achieved the best overall performance. SHAP analysis further enhanced model interpretability 
by illustrating the relative importance and direction of each predictor. This model enables early risk stratification and may help 
identify patients at high risk of poor outcomes despite PPV, thereby supporting early risk stratification at the time of PPV initiation. 
Further multicenter studies are warranted to validate its generalizability and clinical applicability
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Supplementary Figure S1. Missing data distribution across all variables

Bar plot showing the proportion of missing values for each variable after excluding features with >20% missingness. Each bar 
represents the percentage of missing observations per variable. Variables are color-coded by missingness level: green indicates 
low missingness (“Good”), and yellow indicates moderate missingness (“OK”).

Supplementary Figure S2. ROC curves of machine learning models in the training set based on 5-fold cross-validation

Receiver operating characteristic (ROC) curves of four models in the training set: (A) Logistic Regression, (B) Random Forest, (C) 
Support Vector Machine (SVM), and (D) Extreme Gradient Boosting (XGBoost). ROC curves were generated using 5-fold cross-
validation. Thin lines represent ROC curves from individual folds, while the solid line indicates the mean ROC curve. The shaded 
area represents ±1 standard deviation. The diagonal dashed line indicates random classification. The area under the curve (AUC) 
is reported as mean ± standard deviation.
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Development and validation of a glucose-to-calcium ratio clinical prediction 
model for progression to severe acute pancreatitis:A cohort study based on the 
MIMIC-IV and eICU databases

Abstract

Background. Most acute pancreatitis (AP) resolves without organ support, yet the minority progressing to severe acute 
pancreatitis (SAP) account for most deaths. Hypocalcaemia and stress hyperglycaemia both mark early metabolic derangement, 
so their ratio may flag progression earlier than either value alone. We tested this in two intensive care unit (ICU) databases.

Methods. We studied adults with AP and an ICU stay of at least 24 h in MIMIC-IV v3.1 (development, n=959) and the eICU 
Collaborative Research Database (external validation, n=1102). Time zero was ICU admission. Predictors were taken from the first 
24 h and SAP was ascertained only afterwards, so that no predictor could be measured after the outcome it was used to predict. 
GCR was the first glucose divided by the first total calcium (both mg/dL) within that window. Adjusted odds ratios (ORs) came 
from logistic regression with prespecified covariates. For the model, arterial blood gas and coagulation assays were excluded from 
the candidate pool in advance because they are not measured routinely in every centre; remaining candidates were completed 
by multiple imputation by chained equations (five imputations), and LASSO and Boruta were run separately in each imputed 
dataset, features surviving in at least three of five by both methods being retained. Logistic regression was the primary model, 
with XGBoost, random forest and LightGBM as comparators, assessed by tenfold cross-validation and rendered as a nomogram. 
Coefficients were then applied to eICU unchanged, recalibrated, and refitted.

Results. SAP occurred in 268 of 959 patients (27.9%) in the development cohort, a higher proportion than in community AP 
because eligibility required ICU care. Each log-unit rise in GCR was associated with SAP after full adjustment (OR 1.99, 95% CI 
1.44–2.74; P for trend <0.001), and the spline relationship rose monotonically. Seven predictors were retained: GCR, alkaline 
phosphatase, aspartate aminotransferase, urea, haematocrit, phosphate and white cell count. Cross-validated AUROC was 0.702 
(0.666–0.739) with a calibration slope of 0.96; the nomogram C-index was 0.707 after bootstrap correction. None of the machine-
learning comparators improved on this. Discrimination exceeded BISAP (0.639), Ranson (0.552) and SOFA (0.584) (DeLong P<0.05). 
Applied unchanged to eICU, the model gave an AUROC of 0.648 with a calibration slope of 0.595, indicating overconfident risk 
estimates; recalibration returned the slope to 1.00 and reduced the integrated calibration index from 0.069 to 0.037, and refitting 
locally gave an AUROC of 0.699. Aetiology modified the association: the GCR–SAP OR was 4.87 in biliary AP versus 1.44 in non-
biliary AP (interaction P=0.003, and 0.0195 after both Bonferroni and false-discovery-rate correction). E-values were 2.49 for the 
point estimate and 1.88 for the confidence bound.

Conclusions. GCR measured in the first 24 ICU hours identifies patients with AP who go on to develop severe disease, most clearly 
in biliary AP. A seven-variable nomogram built around it discriminates moderately — better than BISAP, Ranson or SOFA, but not 
well enough to decide individual management alone — and transports to an independent cohort once recalibrated. Prospective 
evaluation is needed before clinical use.

1  Introduction

Acute pancreatitis (AP) is among the commonest gastrointestinal causes of hospital admission. Most episodes settle with 
supportive care, but those that progress to severe acute pancreatitis (SAP) — organ failure persisting beyond 48 h[1] — carry a 
far worse prognosis and account for the bulk of deaths from the disease. The difficulty is timing: by the point at which persistent 
organ failure declares itself, the window for pre-emptive escalation has largely closed. Bedside scores such as BISAP and Ranson 
were built for this purpose but discriminate only modestly, and the more accurate general severity scores incorporate organ failure 
itself, which limits their use as early warnings.

Two routine measurements carry early information in AP. Hypocalcaemia reflects fat saponification and inflammatory 
consumption of calcium and tracks with adverse outcomes[2]; stress hyperglycaemia reflects the intensity of the inflammatory 
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and counter-regulatory response. Because the two move in opposite directions as illness worsens, their ratio should separate 
progressing from resolving disease more sharply than either alone, while requiring nothing beyond a routine biochemistry panel. 
The glucose-to-calcium ratio (GCR) has not been evaluated for this purpose in a cohort with external validation[3].

2  Objective

We asked whether GCR in the first 24 ICU hours is associated with subsequent progression of AP to SAP, and whether a model built 
around it can predict that progression using only variables available in any hospital laboratory, using MIMIC-IV for development 
and eICU for external validation.

3  Study design

We analysed MIMIC-IV v3.1 as the development cohort[4] and the eICU Collaborative Research Database v2.0 as the external 
validation cohort[5], both obtained from PhysioNet under its data use agreements. Two analyses were prespecified: an association 
analysis of GCR and SAP, reported following STROBE[6], and a prediction model, reported following TRIPOD+AI[7]. Time zero was 
the first ICU admission. Predictors were drawn from [t0, t0+24 h) and SAP was ascertained only from t0+24 h to ICU discharge, 
so that predictors could never postdate the outcome — the design feature that makes the estimates prognostic rather than 
concurrent.

4  Methods

Participants, exposure and outcome. We included adults ( ≥ 18 years) with diagnostic codes for AP (ICD-9 577.0; ICD-10 K85.
x) whose first ICU stay lasted at least 24 h and in whom GCR could be calculated within the first 24 h, excluding repeat AP 
admissions for the same patient. GCR was the first in-window glucose divided by the first total calcium, both in mg/dL after unit 
harmonisation. Because insulin and intravenous calcium both move the ratio, we also prespecified a pre-treatment GCR using 
only values recorded before the first such dose. The outcome was SAP: persistent failure of the respiratory, renal or cardiovascular 
system for more than 48 h, adjudicated by modified Marshall/SOFA criteria[8].

Association analysis. We estimated the OR of SAP per log-unit of GCR by logistic regression, adding covariates in three prespecified 
steps; the fully adjusted model held age, sex, aetiology, the Charlson comorbidity index and chronic kidney disease. Dose–
response was examined with restricted cubic splines. Covariates were chosen on clinical grounds before analysis rather than by 
stepwise selection, and variables lying on the causal path between GCR and SAP were left out to avoid over-adjustment.

Candidate predictors and feature selection. Candidates were routine measurements from the first 24 ICU hours. Three groups 
were removed before selection began. Components used to define organ failure were removed because they partly constitute 
the outcome. Arterial blood gas (pH, lactate, base excess) and coagulation assays (PT, aPTT, INR) were removed because they 
are not drawn routinely in every centre, and a model requiring them cannot be deployed where they are unavailable; their high 
missingness in eICU (pH 63%, aPTT 75%) bears this out. Candidates missing in more than 25% of patients were also dropped.

Neither LASSO nor Boruta tolerates missing data, so the remaining candidates were completed by multiple imputation by 
chained equations (five imputations, Bayesian ridge with posterior sampling). We used multiple imputation rather than median 
substitution deliberately: median filling stacks every missing value on a single point, and a tree-based selector can split on that 
artefact, inflating the apparent importance of incompletely measured variables. LASSO (1-SE rule) and Boruta (perc=100) were run 
separately in each imputed dataset. A variable counted as selected by a method if it survived in at least three of the five datasets, 
and the final set was the intersection of the two pooled selections. GCR was retained by protocol as the exposure under study.

Model development and validation. Logistic regression was the primary model, chosen so the result could be expressed as a 
nomogram and inspected coefficient by coefficient; XGBoost, random forest and LightGBM served as comparators to show what, if 
anything, flexible methods added. Tenfold cross-validation gave discrimination (AUROC with DeLong intervals), calibration (slope 
and integrated calibration index) and net benefit by decision-curve analysis. Imputation was refitted inside each training fold so 
that held-out data never informed it. Nomogram optimism was corrected over 1000 bootstrap replicates.

External validation, subgroups and sensitivity analyses. We applied the MIMIC coefficients to eICU three ways: unchanged, after 
logistic recalibration, and after refitting the model locally. This separates two questions that a single external AUROC conflates 
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— whether the predictor–outcome relationships hold in a new population, and whether the risk estimates themselves are 
numerically correct there. Effect modification was tested across six prespecified subgroups (age, sex, diabetes, aetiology, chronic 
kidney disease, hypertension). Six interaction tests invite false positives, so we treated them as one family and applied both 
Bonferroni and Benjamini–Hochberg correction, reporting corrected values throughout. Sensitivity to unmeasured confounding 
was quantified by E-values; as SAP was not rare, ORs were square-root-transformed to approximate risk ratios first[9].

5  Results

Of 959 patients in the development cohort, 268 (27.9%) developed SAP (Figure 1, left panel). This is higher than the roughly one 
in five quoted for AP overall, as expected where eligibility requires ICU care. Patients who progressed had a higher median GCR 
(3.0 vs 2.8), with lower total calcium, higher glucose and worse inflammatory and organ-function measurements at baseline. The 
association held across all three adjustment steps, reaching an OR of 1.99 per log-unit (95% CI 1.44–2.74, P<0.001) in the fully 
adjusted model. Risk rose across GCR quartiles (P for trend <0.001) and the spline was monotonic, with no threshold below which 
the relationship disappeared (Figure 2).
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Seven predictors survived both selectors: GCR, alkaline phosphatase, aspartate aminotransferase, urea, haematocrit, phosphate 
and white cell count. Six were selected in all five imputed datasets by both methods and white cell count in four of five, so the set 
was not an artefact of any single imputation. Cross-validated AUROC was 0.702 (0.666–0.739) with a calibration slope of 0.96 and 
an integrated calibration index of 0.011. None of XGBoost, random forest or LightGBM differed from logistic regression on DeLong 
testing, so the simpler model was kept (Figure 3). As a nomogram it gave a C-index of 0.707 and a calibration slope of 0.941 after 
bootstrap correction (Figure 4). To check that the retained features behaved consistently under a flexible learner, we inspected 
SHAP values from the XGBoost comparator: phosphate and GCR ranked highest and each contributed in the same direction as its 
coefficient in the primary logistic model, supporting the logistic result rather than replacing it (Figure 5).
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The nomogram discriminated better than BISAP (0.639), Ranson (0.552) and SOFA (0.584), with DeLong P<0.05 against each and 
positive IDI and NRI. It did not differ from APS III (0.777) or SAPS II (0.731). That comparison is not like for like: both scores contain 
organ-failure terms that overlap with the outcome being predicted, and both require variables collected over the whole ICU day 
rather than the first laboratory panel. Our model contains no organ-failure term.

Applied to eICU without modification (n=1102, SAP 24.8%; Figure 1, right panel), the model gave an AUROC of 0.648 and a 
calibration slope of 0.595 — it ranked patients acceptably but overstated their absolute risk. Logistic recalibration returned 
the slope to 1.00 and cut the integrated calibration index from 0.069 to 0.037; refitting in eICU gave an AUROC of 0.699, close to 
internal performance. What transports, then, is the shape of the predictor–outcome relationship; the intercept and slope do not, 
and would need local recalibration before the predicted probabilities could be trusted at a new site (Figure 6).

Adjusted ORs for GCR were directionally consistent across all six prespecified subgroups, and aetiology was the only significant 
effect modifier: the GCR–SAP association was considerably stronger in biliary than in non-biliary AP (OR 4.87 [2.40–9.86] vs 
1.44 [1.00–2.08]). Treating the six interaction tests as a single family, the aetiology interaction survived correction (raw P=0.003; 
Bonferroni P=0.0195; BH-FDR q=0.0195). The other five interactions were null before and after correction (Figure 7).

Three sensitivity analyses bear on interpretation. Pre-treatment GCR was more strongly associated with SAP than the main 
exposure (OR 2.44 vs 1.99), which fits the expectation that insulin and calcium replacement pull the ratio back toward normal and 
thus dilute rather than create the signal. Removing phosphate lowered the AUROC from 0.702 to 0.681, so its contribution is real 
but not the whole model. Expanding from seven predictors to the 16-variable union changed AUROC by 0.015, which does not 
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justify the added measurement burden. E-values were 2.49 for the point estimate and 1.88 for the confidence bound, rising to 4.66 
and 3.06 in biliary AP: an unmeasured confounder would need associations of that magnitude with both GCR and SAP to explain 
away what we observed.

6  Conclusions

Glucose-to-calcium ratio in the first 24 ICU hours is associated with subsequent progression of AP to severe disease, most 
strongly in biliary AP, and a seven-variable model built around it predicts progression with moderate discrimination that 
exceeds established bedside scores and holds up in an independent cohort after recalibration. Both inputs come from a routine 
biochemistry panel, which makes the ratio easy to adopt where it proves useful. Discrimination was moderate and both databases 
are from the United States, so the model should be recalibrated before use at other sites and prospective testing is needed to 
establish whether acting on the prediction changes outcome.
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Development of a Nomogram to Predict the Risk of Feeding Intolerance in Patients 
Undergoing Prone Position Ventilation

Abstract

Aim: To develop and validate a predictive nomogram for early identification of feeding intolerance (FI) in critically ill patients 
receiving prone position ventilation (PPV) combined with enteral nutrition (EN).

Methods: This retrospective cohort study included 644 patients who received concurrent PPV and EN support in the intensive 
care unit of a tertiary teaching hospital between January 2021 and December 2025. Patients were chronologically divided into 
a training cohort (n = 457) and a temporal external validation cohort (n = 187). Least Absolute Shrinkage and Selection Operator 
(LASSO) regression combined with multivariate logistic regression was used to identify independent risk factors and construct a 
nomogram. Model performance was evaluated by discrimination (area under the receiver operating characteristic curve, AUC), 
calibration (calibration plots, Brier score, and Spiegelhalter Z-test), and clinical utility (decision curve analysis and clinical impact 
curves).

Results: The overall incidence of FI was 39.82% in the training cohort and 41.18% in the validation cohort, with no significant 
difference between the two groups (P = 0.751). The daily FI rate peaked on day 2 (10.38%) and remained high through days 3–4 
after EN initiation. Five independent predictors were identified: pre‑existing diabetes mellitus (OR = 2.05, 95% CI: 1.23–3.42), ECMO 
support (OR = 2.30, 95% CI: 1.14–4.62), number of antibiotic categories (OR = 2.10, 95% CI: 1.56–2.82), cumulative prone ventilation 
duration (OR = 1.08, 95% CI: 1.02–1.15), and nasojejunal tube feeding (OR = 0.19, 95% CI: 0.12–0.32). The nomogram demonstrated 
good discriminative ability, with an AUC of 0.752 (95% CI: 0.704–0.801) in the training cohort and 0.729 (95% CI: 0.652–0.806) in the 
external validation cohort. Calibration curves showed satisfactory agreement between predicted and observed probabilities, and 
decision curve analysis confirmed superior net clinical benefit across a wide range of threshold probabilities.

Conclusion: We developed and temporally externally validated a novel nomogram for predicting FI in patients undergoing PPV. 
The model incorporates five routinely available clinical variables and exhibits robust predictive performance, offering clinicians a 
practical bedside tool for early risk stratification. This instrument may facilitate personalized EN strategies and timely preventive 
interventions, thereby potentially improving clinical outcomes in this high-risk population.

Keywords: prone position ventilation, feeding intolerance, predictive model, nomogram, critical care

1 Introduction

Prone position ventilation (PPV) has become a cornerstone strategy for improving oxygenation in patients with acute respiratory 
distress syndrome (ARDS) and severe pneumonia [1]. Concurrently, early enteral nutrition (EN) serves as a critical supportive 
intervention in critically ill populations, playing an essential role in preserving intestinal mucosal integrity, modulating immune 
responses, and reducing infectious complications [2,3]. However, the anatomical and physiological alterations induced by the 
prone position, compounded by the concomitant use of deep sedation and neuromuscular blocking agents, frequently impair 
gastrointestinal motility. Consequently, the risk of feeding intolerance (FI) increases markedly when EN is initiated in patients 
receiving PPV[4,5].Owing to substantial heterogeneity in FI diagnostic criteria, study populations, and regional practices, the 
reported incidence of FI among PPV patients varies widely, ranging from 36.09% to 82.00% across different reports[6-8]. FI not 
only compromises adequate caloric and protein delivery but also predisposes patients to gastric regurgitation and aspiration, 
ultimately exerting a detrimental effect on clinical outcomes[9,10]. Therefore, early identification of individuals at heightened risk 
for FI during PPV is of considerable clinical importance.

Although FI has attracted growing attention in intensive care medicine, and several risk prediction models have been developed 
for general critically ill populations, these existing models typically lack clinical variables specific to the prone position, such as 
cumulative PPV duration or the use of neuromuscular blockers[11-14]. As a result, their applicability and predictive performance 
in the PPV subgroup remain severely limited. To date, the literature concerning this specific population has largely concentrated 
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on epidemiological descriptions of FI incidence and cross-sectional analyses of isolated risk factors [5,15-23], with a notable 
scarcity of rigorously validated prognostic tools suitable for bedside translation. Recently, a few preliminary nomogram-based 
prediction models for FI in PPV patients have been proposed [6,24]; however, these efforts are substantially constrained by small 
sample sizes, absence of independent external validation, and omission of decision curve analysis (DCA), all of which undermine 
their generalizability and clinical reliability. Moreover, although some investigators have attempted to incorporate point-of-
care ultrasound (POCUS) metrics of gastric motility (e.g., antral cross-sectional area) into predictive algorithms, the mechanical 
and spatial limitations imposed by the prone position frequently preclude adequate acoustic window acquisition, making 
standardized, routine bedside ultrasound monitoring impractical[25]. Thus, to our knowledge, no specific prediction model 
for PPV patients that simultaneously balances bedside feasibility with robust validity has been established in the international 
literature.

To address these knowledge gaps, we conducted a retrospective cohort study of critically ill patients receiving PPV. Using Least 
Absolute Shrinkage and Selection Operator (LASSO) regression combined with multivariate logistic regression, we systematically 
screened candidate predictors to develop and internally validate a novel nomogram for predicting FI risk in this population. 
Furthermore, we performed temporal external validation using an independent cohort. This study aims to provide clinicians 
with a visualized, individualized bedside risk-stratification tool. The implementation of this model is expected to facilitate early 
identification of high-risk patients during the initial phase of PPV, thereby offering an objective basis for tailoring EN regimens and 
implementing timely prophylactic interventions, ultimately contributing to improved clinical outcomes in critically ill patients.

2 Methods

2.1 Study Design

This retrospective cohort study was designed and conducted in accordance with the Transparent Reporting of a Multivariable 
Prediction Model for Individual Prognosis or Diagnosis + Artificial Intelligence (TRIPOD+AI) statement [26] (Supplementary File 1).

2.2 Participants

We retrospectively reviewed clinical data of consecutive patients admitted to the Intensive Care Unit (ICU) of a tertiary teaching 
hospital in Nanjing who received concurrent PPV and EN support between January 2021 and December 2025. Eligible patients 
were those aged 18 years or older who received mechanical ventilation in the prone position and enteral nutrition support for 
at least 48 hours. Exclusion criteria comprised transfer from another ICU after already initiating PPV or EN therapy, pregnancy or 
lactation, pre-existing chronic constipation or diarrhea prior to ICU admission, or incomplete essential clinical records.

2.3 Data Collection

2.3.1 Candidate Predictor Variables

Based on an extensive literature review and multidisciplinary expert consensus, we identified a comprehensive set of candidate 
predictors for FI in PPV patients, which were subsequently extracted from the electronic medical record system. All predictor 
variables were captured within two predefined temporal windows: at ICU admission for baseline characteristics and within the 
first 24 hours following initiation of concurrent PPV and EN. Demographic data included age, sex, and body mass index. Clinical 
severity at admission was assessed using comorbidities, the Acute Physiology and Chronic Health Evaluation (APACHE II) score, 
the Sequential Organ Failure Assessment (SOFA) score, and the modified Nutrition Risk in the Critically Ill (mNUTRIC) score. The 
worst laboratory values recorded within the first 24 hours of concurrent PPV and EN were collected, including the lowest values 
for oxygenation index (PaO2/FiO2), hemoglobin, and serum albumin, as well as the highest value for blood lactate. Therapeutic 
interventions within the same 24-hour window included continuous renal replacement therapy, extracorporeal membrane 
oxygenation, number of analgesic and sedative categories, use of neuromuscular blocking agents, vasopressor use, and number 
of antibiotic categories. Respiratory parameters included the maximum positive end-expiratory pressure. Prone position 
exposure was quantified as cumulative duration of actual prone positioning in hours. Enteral nutrition dynamics comprised 
time to EN initiation, enteral access route (nasogastric versus nasojejunal tube), maximum enteral infusion rate,and cumulative 
enteral feeding volume. For patients who developed FI within the first 24 hours, the latter two variables, as well as PEEP and 
prone duration, were calculated strictly up to the time immediately preceding FI diagnosis. Data extraction and entry were 
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independently performed and cross-checked by two investigators to ensure data integrity.

2.3.2 Assessment of FI

Currently, there is no universally accepted international consensus on the definition of FI. Therefore, this study adopted the 
clinical diagnostic criteria adapted from the Guidelines for Clinical Application of Parenteral and Enteral Nutrition for Adult 
Patients in China (2023 Edition) [3]. FI was diagnosed if a patient developed any of the following gastrointestinal symptoms 
during EN therapy that required reduction, interruption, or cessation of the infusion: (1) vomiting or regurgitation, defined as 
visible ejection of gastric contents from the oral cavity or retrograde backflow through the feeding tube; (2) abdominal distension, 
defined as patient‑reported distressing bloating, physical examination showing a tympanitic and distended abdomen, or an 
objective increase in abdominal circumference compared with baseline measurements; (3) diarrhea, defined as liquid or unformed 
stools occurring at least three times within 24 hours; or (4) elevated gastric residual volume, defined as a single measurement 
of ≥ 250 mL within a 4‑hour interval. Previous literature indicates that the incidence of FI typically peaks between days 3 and 5 
after EN initiation [27]. To capture the full trajectory of FI in this high‑risk population, all patients were continuously monitored 
using nursing charts and clinical records for the first 7 days after EN initiation. Based on these records, patients were subsequently 
categorized into the feeding tolerance or feeding intolerance group. For those who experienced multiple overlapping FI symptoms 
within this 7‑day window, the time of the first documented symptom was defined as the onset of FI.

2.4 Data Processing

Variables with a missing data rate exceeding 50% were entirely excluded from the analysis to avoid bias [28]. For variables with a 
missing proportion below 50%, missing data were imputed using the non‑parametric random forest algorithm as implemented in 
the missForest package in R. In our training cohort, the baseline missing rates for hemoglobin and serum albumin were 1.7% and 
2.6%, respectively, and both were successfully imputed with this method. We compared the distributions and summary statistics 
before and after imputation. No statistically significant differences were observed, confirming that the imputation procedure 
preserved the original data structure (Supplementary Table S1).

2.5 Statistical Analysis

Data normality was assessed using the Shapiro-Wilk test. Normally distributed continuous variables were expressed as mean ± 
standard deviation and compared using the independent‑samples t‑test, while non‑normally distributed continuous data were 
expressed as median with interquartile range and analyzed using the Mann–Whitney U test. Categorical variables were expressed 
as absolute frequencies and percentages and evaluated using the chi‑square test, with Fisher’s exact test or continuity‑corrected 
chi‑square tests applied when expected cell counts fell below standard thresholds.To prevent overfitting and address potential 
collinearity among the high‑dimensional clinical dataset, the Least Absolute Shrinkage and Selection Operator (LASSO) regression 
model with 10-fold cross-validation was applied for variable screening, and those predictors with non-zero coefficients were 
subsequently entered into a multivariate logistic regression analysis to identify independent risk factors for FI. Based on the 
regression coefficients from the multivariate model, a visualized bedside nomogram was constructed. The performance of the 
nomogram was rigorously appraised in both the training cohort and the independent temporal external validation cohort across 
three core dimensions: discrimination, calibration, and clinical utility. Discriminative ability was quantified using the area under 
the receiver operating characteristic curve (AUC), with an AUC exceeding 0.70 signifying acceptable-to-good discriminative 
accuracy. Calibration was assessed via calibration curves plotting predicted probabilities against observed outcomes, 
supplemented by calculation of the Brier score, maximum error (Emax), average error (Eavg), and the Spiegelhalter Z-test 
(S:p) to verify goodness-of-fit. Clinical net benefit was evaluated using decision curve analysis across a spectrum of threshold 
probabilities, and further illustrated by clinical impact curves to visually depict the expected rate of true positives versus predicted 
high‑risk classifications. All statistical analyses, modeling, and visualization were performed using R software version 4.5.2, with a 
two-sided P < 0.05 considered statistically significant.

2.6 Ethical Considerations

This study was approved by the Institutional Ethics Committee of Southeast University Zhongda Hospital (Approval Number: 
2024ZDSYLL412-P01) and conducted in strict adherence to the ethical tenets of the Declaration of Helsinki. Owing to the 
retrospective nature of the study utilizing fully de-identified and anonymized clinical data, the requirement for written informed 
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consent was waived by the committee. Patient confidentiality was strictly protected throughout the investigation.

3 Results

3.1 Baseline Characteristics of Enrolled Patients

A total of 644 patients were enrolled and chronologically split into a training cohort of 457 patients and a temporal external 
validation cohort of 187 patients. The overall incidence of FI was 39.82% (182/457) in the training set and 41.18% (77/187) 
in the validation set, with no statistically significant difference between the two cohorts (x2= 0.10, P = 0.751). As shown in 
Supplementary Table S2, significant inter-cohort differences were observed in several clinical variables, including mNUTRIC score, 
maximum enteral feeding rate, 28d-ICU-free days, and in‑ICU mortality (all P < 0.05), providing a rigorous test of the real-world 
generalizability of our predictive model. Table 1 summarizes the baseline characteristics stratified by FI status within the training 
cohort. Several indicators, including age, mean prone duration, continuous renal replacement therapy, extracorporeal membrane 
oxygenation, and neuromuscular blocking agents, differed significantly between the FI and non‑FI subgroups (all P < 0.05).

3.2 Daily FI Trend Within the First 7 Days After EN Initiation

As illustrated in Figure 1, the daily percentage of FI demonstrated an initial rise followed by a gradual fall across the first 7 EN days. 
The baseline FI rate was 4.07% on day 1, reaching its maximum at 10.38% on day 2. High FI rates persisted on day 3 (9.85%) and 
day 4 (8.28%), before a continuous downward trend emerged starting on day 5, with FI proportions falling to 3.41%, 2.75%, and 
1.09% on days 5, 6, and 7, respectively. Episodes of FI were predominantly concentrated within days 2 to 4 of EN, with subsequent 
steady declines in incidence thereafter.

3.3 Variable Selection and Nomogram Construction

To construct the risk prediction model in a rigorous manner, we first performed LASSO regression with 10-fold cross-validation 
on all potential characteristic parameters within the training cohort (Figure 2). Under the optimal λ value corresponding to 
minimum deviance, five predictors with non‑zero coefficients were retained in the final model: pre‑existing diabetes mellitus, 
ECMO support, number of antibiotic categories, cumulative prone ventilation duration, and enteral feeding route. Subsequent 
multivariate logistic regression analysis (Table 2) confirmed that all five variables were independent risk factors for FI (all P < 0.05). 
Among these, pre‑existing diabetes mellitus (odds ratio [OR] = 2.05, 95% confidence interval [CI]: 1.23–3.42), ECMO support (OR 
= 2.30, 95% CI: 1.14–4.62), treatment with a greater number of antibiotic categories (OR = 2.10, 95% CI: 1.56–2.82), and prolonged 
cumulative prone ventilation duration (OR = 1.08, 95% CI: 1.02–1.15) were independently associated with increased FI risk. In 
contrast, post‑pyloric nasojejunal tube feeding served as a strong protective factor against FI (OR = 0.19, 95% CI: 0.12–0.32). Based 
on the regression coefficients derived from the multivariate model, a visualized nomogram was established to enable bedside 
individualized quantitative estimation of FI risk probability (Figure 3).

3.4 Model Performance

The nomogram exhibited satisfactory discriminative performance, achieving an AUC of 0.752 (95% CI: 0.704–0.801) in the training 
cohort and 0.729 (95% CI: 0.652–0.806) in the temporal external validation cohort, both exceeding the conventional threshold of 
0.7 (Figure 4). Notably, the AUC remained stable, showing only a slight decrease in the external cohort despite substantial baseline 
differences compared with the training set, demonstrating robust temporal generalizability. Calibration metrics, including the 
Brier score, Emax, Eavg, and the Spiegelhalter Z‑test, all indicated good agreement between predicted and observed risks in 
both cohorts (Figure 5). A mild overestimation at lower predicted probabilities was observed in the training set but was largely 
mitigated in the external validation cohort, further confirming the reliability of the nomogram. Regarding clinical utility, decision 
curve analysis demonstrated that the net benefit of our model surpassed that of the "treat all" and "treat none" strategies across 
the commonly used threshold probability range of approximately 0.1 to 0.8 (Figure 6). Furthermore, clinical impact curves (CICs) 
visually demonstrated that as the risk threshold increased, the predicted number of high-risk patients closely matched the actual 
number of true positive events in both cohorts (Figure 7). This further confirmed reasonable risk stratification performance, 
collectively supporting the model’s practical value for bedside clinical nutrition decision-making.
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4. Discussion

In this retrospective cohort study of 644 patients receiving PPV with concurrent EN, we developed and temporally externally 
validated a novel clinical nomogram for predicting the risk of FI. The overall FI incidence in our cohort was 40.22%. The final model 
incorporated five independent predictors: a history of diabetes mellitus, ECMO support, the number of antibiotic categories, 
cumulative PPV duration, and the route of enteral feeding. Exhibiting robust predictive performance and satisfactory temporal 
generalizability, this model provides a reliable bedside tool for early risk stratification in this highly susceptible patient population.  

Notably, our study revealed a high incidence of FI in PPV patients, with a temporal trajectory distinctly different from that of the 
general critically ill population. While existing literature indicates that the onset of FI in ICU patients typically peaks between days 
3 and 5 after EN initiation[29-31], the peak incidence in our PPV cohort was markedly advanced to days 2 through 4, reaching a 
maximum of 10.38% on day 2. This earlier onset and accelerated progression are primarily attributable to the compounding effects 
of positional alterations. The prone position inherently induces significant anatomical and physiological changes; when coupled 
with the deep sedation[32,33] and neuromuscular blocking agents routinely required during PPV, it profoundly exacerbates the 
suppression of gastrointestinal motility, thereby precipitating an earlier onset of gastrointestinal dysfunction. 

Our final model included five readily available clinical indicators. Cumulative prone positioning duration (OR = 1.08) was identified 
as a risk factor, likely reflecting sustained abdominal compression that elevates intra‑abdominal pressure and chronically impairs 
gastrointestinal motility[4,34]. Diabetes mellitus (OR = 2.05) predisposes patients to gastric retention, as pre‑existing autonomic 
neuropathy and delayed emptying are further exacerbated by the prone position[35,36]. In contrast, nasojejunal feeding (OR = 0.19) 
was protective by bypassing the stomach and directly mitigating reflux and intragastric pressure elevation[37]. ECMO support (OR 
= 2.30) denotes severe circulatory failure, which compromises intestinal mucosal perfusion and barrier integrity, synergistically 
worsening splanchnic ischemia already induced by prone‑related abdominal compression[38,39]. The number of antibiotic 
categories (OR = 2.10) reflects gut microbiota disruption and direct mucosal irritation, potentially precipitating diarrhea and 
dysmotility, particularly when basal motility is reduced by positioning[40]. 

Regarding model performance and clinical utility, our constructed nomogram demonstrates substantial advantages. The model 
exhibited satisfactory discriminative ability, achieving AUC values of 0.752 and 0.729 in the training and validation cohorts, 
respectively, alongside excellent calibration. Furthermore, DCA and CIC confirmed its superior net clinical benefit across a broad 
range of threshold probabilities (0.1 to 0.8). A paramount strength of this model is its bedside feasibility: all five predictors are 
routinely acquired from daily ICU records without the need for additional invasive procedures or specialized assessments. 
In clinical practice, healthcare professionals can utilize this visualized tool to rapidly quantify the individualized probability 
of FI during the early phase of EN initiation. For those identified as high-risk, clinicians can proactively implement tailored 
interventions, such as early placement of a nasojejunal tube for post-pyloric feeding, adjustment of enteral infusion rates, or 
prompt administration of prokinetic agents, thereby mitigating risks and improving patient outcomes.  

Limitations

Nevertheless, several limitations must be acknowledged to appropriately frame the interpretability and generalizability of our 
findings. First, given the retrospective and single-center nature of the design, the potential for selection bias and unmeasured 
confounding cannot be entirely excluded, despite the execution of temporal external validation. Multicenter prospective studies 
are imperatively required to confirm the model's generalizability across diverse geographic regions and healthcare systems. 
Second, the absence of a universally accepted gold standard for diagnosing FI remains a persistent challenge; the subjective 
assessment of certain symptoms, particularly abdominal distension, may introduce inter-observer variability. Third, because 
clinical practices and treatment protocols can vary considerably across different institutions, local recalibration of the model 
is strongly recommended prior to widespread external deployment. Ultimately, as with any prognostic tool, this nomogram is 
intended to serve as a valuable clinical adjunct rather than a substitute for professional medical decision-making. Its definitive 
clinical impact relies on its careful integration into standardized, multidisciplinary nutritional care pathways.

5. Conclusion

In conclusion, we successfully developed and temporally validated a novel nomogram to predict the risk of feeding intolerance in 
critically ill patients receiving prone position ventilation. By integrating five readily accessible clinical variables, including a history 
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of diabetes mellitus, ECMO support, the number of antibiotic categories, cumulative prone ventilation duration, and the route of 
enteral feeding, the model demonstrated robust discrimination, excellent calibration, and substantial clinical utility. This visual, 
individualized bedside instrument empowers clinicians to perform early risk stratification, facilitating the timely implementation 
of tailored enteral nutrition strategies and proactive preventative measures. Ultimately, this tool holds the potential to improve 
clinical outcomes in this highly vulnerable population, though future multicenter prospective studies are warranted to firmly 
establish its generalizability across diverse healthcare settings.
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Dynamic Changes of Diaphragmatic Function and Its Association with Weaning 
Outcomes in Critically Ill: A Single-Center, Prospective, Longitudinal Study

Diaphragmatic function is a key prognostic factor for critically ill patients, especially those receiving mechanical ventilation. 
However, systematic research on the longitudinal dynamic changes of global diaphragmatic function in ICU patients remains 
insufficient. We aim to explore the dynamic evolution of global diaphragmatic function in critically ill patients and it's association 
with weaning outcomes in mechanically ventilated patients.

This single-center, prospective observational study enrolled 80 mechanically ventilated and 24 non-mechanically ventilated 
critically ill patients. Daily bedside ultrasound assessments were performed to measure diaphragmatic motion (DM), end-
inspiratory diaphragm thickness (Ti), end-expiratory diaphragm thickness (Te), and diaphragmatic thickening fraction (DTF).

Diaphragmatic parameters exhibited distinct dynamic trajectories depending on patient status. For mechanically ventilated 
patients, diaphragmatic function declined immediately after ICU admission; the impairment of diaphragmatic contractility 
progressively aggravated within the first 48 hours and then tended to recover gradually. In contrast, diaphragm thickness 
began to decline after 48 hours of ICU stay. None of these parameters returned to baseline levels by ICU discharge. Compared 
with mechanically ventilated patients, non-mechanically ventilated patients maintained relatively higher levels of DM and DTF 
throughout the ICU stay. Mechanically ventilated patients who failed extubation exhibited more prominent fluctuations in DM, 
DTF, Ti and Te than those with successful extubation. After extubation, patients receiving high-flow nasal cannula (HFNC) oxygen 
therapy showed more stable changes in all diaphragmatic parameters compared with those using conventional nasal cannula 
oxygen therapy (COT). Within the first 72 hours of MV, 33 patients (41.25%) developed diaphragmatic atrophy (thickness reduction 
>10%), and 16 patients (20%) had diaphragmatic thickening (thickness increase >10%). The incidence of early diaphragmatic 
dysfunction (DM < 1.4 cm combined with DTF < 20%) was 55%. Multivariate logistic regression analysis revealed that early 
diaphragmatic atrophy was an independent risk factor for short-term weaning failure (OR=3.12, 95%CI [1.07, 9.09], p=0.04). 
The area under the curve (AUC) of the prediction model for short-term weaning failure was 0.82, with a sensitivity of 83% and a 
specificity of 80% at the optimal cutoff value of 0.48.

Diaphragmatic function in ICU patients deteriorates rapidly within 24 to 48 hours and undergoes continuous dynamic 
changes, which requires close monitoring. Post-extubation HFNC is associated with more stable diaphragmatic function. Early 
diaphragmatic atrophy is an independent risk factor for short-term weaning failure.
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E a r l y  e n e r g y  d e l i v e r y  t ra j e c to r i e s  a n d  p r o l o n ge d  o r ga n  fa i l u r e  i n 
hypertriglyceridaemia-associated acute pancreatitis: a multicentre cohort study

Background:Optimal early energy delivery in acute pancreatitis remains uncertain, and hypertriglyceridaemia-associated acute 
pancreatitis (HTG-AP) may pose distinct metabolic challenges. We aimed to identify early energy delivery trajectories in patients 
with HTG-AP and examine their association with organ failure.

Methods:The analyses were based on data extracted from a multicentre, prospective cohort study of patients with HTG-AP. 
Daily energy delivery from recorded enteral and parenteral nutrition during study days 1 to 7 was used to identify trajectories by 
latent class mixed modelling. The primary outcome was prolonged organ failure (PrOF), defined as the presence of an individual 
Sequential Organ Failure Assessment subscore ≥ 2in the respiratory, renal, or cardiovascular system on study day 7. Associations 
were estimated using modified Poisson regression with robust standard errors, adjusted for age, sex, body mass index, the Acute 
Physiology and Chronic Health Evaluation II score, and baseline organ failure. Sensitivity analyses evaluated mean energy delivery 
during study days 1 to 3 and study days 1 to 4 as alternative early exposure windows.

Results:A total of 301 patients were included in the analysis.Three early energy delivery trajectories were identified: low energy 
delivery (n = 170), moderate energy delivery (n = 85), and high energy delivery (n = 46). Mean daily energy delivery was 1.0, 8.6, and 
13.1 kcal/kg/day, respectively.Overall, PrOF occurred in 61 patients (20.3%). Compared with low energy delivery, both moderate 
energy delivery and high energy delivery were associated with a higher risk of PrOF, with adjusted RRs of 3.21 (95% CI, 1.90 to 5.43) 
and 2.84 (95% CI, 1.60 to 5.02), respectively. Early window sensitivity analyses showed directionally consistent associations.

Conclusions:In patients with HTG-AP, higher early energy delivery trajectories were associated with a higher risk of PrOF. These 
findings are hypothesis-generating.
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Early fresh frozen plasma transfusion and clinical outcomes of patients with 
sepsis-induced coagulopathy: a retrospective cohort study

Background: The impact of early fresh frozen plasma (FFP)administration on clinical outcomes for patients with sepsis-induced 
coagulopathy (SIC) uponintensive care unit(ICU)admission has not been well elucidated due to limited existing research in this 
field. Accordingly, thisstudy sought to investigate its correlation with clinical prognosis within this patient cohort.

Methods:This study is a single-center retrospective cohort study, enrolling patients with SICadmitted to the ICU from March 
2023 to June2025. Patients were divided into the early FFP transfusion group and the non-early FFP transfusion group according 
to whether FFP was transfused within the first 24 h of ICU admission. We compared clinical outcomes between the two groups, 
including in-hospital mortality, 28-day mortality, mechanical ventilation time, receipt of continuous renal replacement therapy 
(CRRT), vasoactive drug duration, ICU length of stay, hospital length of stay, as well as the incidence of bleeding events and deep 
vein thrombosis (DVT). Multivariable logistic regression was applied to evaluate the association between early FFP transfusion 
and clinical outcome. A restricted cubic spline (RCS) model was adopted to explore the linear relationship between the volume of 
transfused FFP and in-hospital mortality.

Results:This study included a total of 322patients with SIC, among whom67 (20.81%) were assigned to the early FFP transfusion 
group and 255 (79.19%) to the non-early FFP transfusion group.The in-hospital mortality of early FFP transfusion group was higher 
than that of non-early FFP transfusion group(14.93% vs 6.27%, P=0.021). In addition, The DVT incidence of early FFP transfusion 
group was higher than that of non-early FFP transfusion group (7.46% vs 2.75%, P=0.006). Both the mechanical ventilation time 
(P=0.005) and vasoactive drug duration (P=0.03) were significantly prolonged in early FFP transfusion group compared with non-
early FFP transfusion group. The multivariate regression analysis indicated that early FFP transfusion was an independent risk 
factor for in-hospital mortality in patients with SIC (P=0.005, OR=3.546, 95% CI 1.457-8.631). The restricted cubic spline curve 
indicated the linear relationship between early FFP transfusion volume and in-hospital mortality in critically ill patients with SIC (P 
for nonlinearity >0.05). Higher volume of early FFP transfusion was associated with high in-hospital mortality.

Conclusions: Early FFP administration in patients with SIC may correlate with higher in-hospital mortality, with this relationship 
demonstrating a linear dose-dependent pattern. Early FFP transfusion is additionally linked to an increased risk of DVT, alongside 
longer mechanical ventilation time and extended vasopressor requirements in this patient population.
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Early Mean Perfusion Pressure Trajectories and Clinical Outcomes in Patients 
Receiving VA-ECMO: A Retrospective Cohort Study

Adequate mean perfusion pressure (MPP = MAP - CVP) may be important during veno-arterial extracorporeal membrane 
oxygenation (VA-ECMO) for cardiogenic shock. However, management typically focuses on mean arterial pressure (MAP), and the 
prognostic relevance of early MPP trajectories remains unclear.

This retrospective study included 670 adults with cardiogenic shock who received VA-ECMO at Beijing Anzhen Hospital between 
February 1, 2018, and September 30, 2025. MPP was measured at 4, 12, and 24 h after ECMO initiation. Ensemble clustering was 
used to identify MPP trajectories. Inverse probability of treatment weighting was applied to adjust for baseline differences, and 
weighted regression examined associations with clinical outcomes. Multivariable logistic regression using unweighted data served 
as a sensitivity analysis.

Four distinct MPP trajectories were identified. In-hospital mortality ranged from 39.0% in Class 1 (persistent hyperperfusion) to 
71.2% in Class 4 (persistent hypoperfusion). With Class 4 as the reference, Class 1 was associated with lower odds of in-hospital 
mortality (OR = 0.35, 95% CI 0.18-0.68; P = 0.002) and CRRT use (OR = 0.40, 95% CI 0.21-0.77; P = 0.006) in weighted analyses. 
Outcomes in Class 2 (resuscitation improvement) and Class 3 (decompensation) were intermediate. Findings from the unweighted 
multivariable analyses were broadly consistent with the weighted results.

Early MPP trajectories identified four hemodynamic phenotypes that were associated with in-hospital mortality and CRRT use. 
These trajectories may support early risk stratification and individualized hemodynamic management.
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Early PaO2/FiO2 and PaCO2 Trajectories Across Prone Positioning Cycles and 28-
Day Mortality in ARDS: A Retrospective Trajectory Analysis

Abstract 

Background: Early respiratory evolution during prone positioning may provide prognostic information beyond single cross-
sectional measurements in patients with acute respiratory distress syndrome (ARDS). We aimed to identify distinct respiratory 
subphenotypes based on the trajectories of the PaO2 /FiO2  (P/F) ratio and PaCO2  across sequential prone positioning cycles and to 
evaluate their associations with 28- day mortality. 

Methods: Latent class trajectory models were constructed for univariate P/F, univariate PaCO 2  , and joint P/F-PaCO 2  trajectories 
across three prespecified observation windows, including Cycle 1 (T1–T5), Cycles 1–2 (T1–T10), and Cycles 1–3 (T1–T15). Within 
each cycle, T1 represented the pre-prone supine position, T2 the early prone phase, T3 the middle prone phase, T4 the end of 
the prone phase, and T5 the return to supine position; subsequent cycles were defined analogously. Model selection considered 
statistical fit, class size, and clinical interpretability. Kaplan – Meier analysis and Cox proportional hazards models were used to 
assess the associations between trajectory class membership and 28-day mortality. 

Results: Among the candidate models, analyses based on the first two prone positioning cycles (T1 – T10) yielded the most 
clinically interpretable class distributions and were selected for the primary trajectory analyses. In the univariate P/F model, 
350 patients were classified into Class 1 (n = 180) and Class 2 (n = 170). Class 2 showed consistently higher P/F values across the 
first two prone positioning cycles and had better 28-day survival than Class 1 (log-rank p = 0.00017). Correspondingly, 28-day 
mortality was significantly lower in Class 2 than in Class 1 (45.3% vs. 66.1%, p < 0.001). In multivariable analysis, Class 2 remained 
independently associated with a lower hazard of 28-day mortality than Class 1 (HR 0.63, 95% CI 0.45–0.90, p = 0.011). In the joint 
P/F-PaCO2 model, 350 patients were classified into Class 1 (n = 186) and Class 2 (n = 164). Class 1 was characterized by lower PaCO2 
and higher P/F values, whereas Class 2 showed higher PaCO2 and lower P/F values across the first two prone positioning cycles. 
Kaplan–Meier analysis demonstrated significantly better 28-day survival in Class 1 than in Class 2 (log-rank p = 0.039). In the 
adjusted Cox model, Class 2 was independently associated with a higher hazard of 28-day mortality relative to Class 1 (HR 1.55, 
95% CI 1.11–2.15, p = 0.009). By contrast, PaCO2 trajectory alone was not independently associated with 28-day mortality after 
adjustment (HR 1.46, 95% CI 0.81–2.64, p = 0.209). 

Conclusions: Early PaO 2 /FiO 2 and joint PaO 2 /FiO 2 – PaCO2 trajectories across the first two prone positioning cycles were 
associated with 28-day mortality in patients with ARDS. A persistently higher PaO2 /FiO2 trajectory was associated with lower 
mortality, whereas the combination of higher PaCO2 and lower PaO2 /FiO2 identified a higher-risk trajectory pattern. These findings 
suggest that dynamic respiratory monitoring during prone positioning may provide additional prognostic information beyond 
single time-point measurements, although the exploratory nature of trajectory classification warrants further validation. 

Keywords: acute respiratory distress syndrome; prone positioning; PaO 2 /FiO 2 ratio; PaCO2 ; latent class trajectory analysis; 28-
day mortality 

Introduction 

Acute respiratory distress syndrome (ARDS) is a heterogeneous syndrome characterized by diffuse inflammatory lung injury, 
impaired gas exchange, and substantial short-term mortality despite advances in supportive care [1,2]. Among evidence-based 
supportive strategies, prone positioning has been shown to improve oxygenation and reduce mortality in patients with moderate-
to-severe ARDS, and it is now widely recommended as a standard intervention in appropriately selected patients [3–5]. However, 
the physiological response to prone positioning is not uniform. Some patients show sustained improvement in oxygenation 
and ventilatory status, whereas others derive limited or transient benefit, underscoring the marked biological and clinical 
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heterogeneity of ARDS during treatment [6,7]. In routine clinical practice, the response to prone positioning is often evaluated 
using single time-point measurements, particularly the PaO2 /FiO2 (P/F) ratio. Although the P/F ratio remains a key indicator 
of oxygenation impairment, it reflects only one dimension of respiratory dysfunction and may not fully capture the dynamic 
evolution of pulmonary status during repeated prone positioning cycles [8,9]. PaCO2 provides complementary information 
regarding ventilatory efficiency and dead-space-related physiological derangements, which may also be clinically relevant 
during prone positioning [10,11]. Nevertheless, most previous studies have focused on static measurements obtained before 
or after a prone cycle, rather than on longitudinal respiratory patterns across repeated prone positioning cycles. Trajectory-
based approaches may offer a more informative framework for characterizing such dynamic changes. By modeling repeated 
measurements over time, latent class trajectory analysis can identify subgroups of patients with distinct temporal patterns that 
may not be apparent from conventional cross-sectional assessments [12,13]. In ARDS, this approach may be particularly useful for 
distinguishing respiratory subphenotypes with different responses to prone positioning and different clinical outcomes. Moreover, 
joint modeling of oxygenation and ventilation variables may better reflect the complexity of respiratory physiology than either 
variable alone. Therefore, in the present study, we used latent class mixed modeling to characterize early respiratory trajectories 
of the PaO2 /FiO2 ratio and PaCO2 across sequential prone positioning cycles in patients with ARDS. We evaluated univariate PaO2 
/FiO 2 trajectories, univariate PaCO2 trajectories, and joint PaO2 /FiO2 –PaCO2 trajectories across predefined observation windows 
spanning the first one, two, and three prone positioning cycles. We then examined whether these trajectory-derived respiratory 
patterns were associated with 28-day mortality. We hypothesized that early dynamic respiratory trajectories during prone 
positioning would identify clinically interpretable risk strata with different prognostic profiles. 

Methods 

Study design and patient population 

This was a single-center retrospective observational study conducted in the intensive care unit of ZhongShan Hospital of Fudan 
University between July 2019 and August 2025. Adult patients with acute respiratory distress syndrome (ARDS) who underwent 
prone positioning during invasive mechanical ventilation were screened for eligibility. Patients were included if they (1) were aged 
≥ 18 years, (2) met the diagnostic criteria for ARDS, (3) underwent prone positioning during mechanical ventilation, and (4) had 
available arterial blood gas measurements required for the predefined trajectory analyses. Patients were excluded if they had 
incomplete longitudinal respiratory data for the corresponding observation window, duplicate admissions, or missing 28-day 
mortality data. For patients with multiple ICU admissions, only the first eligible admission was included. A total of 350 patients 
were ultimately included in the analysis.

The study was approved by the ethics committee (approval No. [B2026-019]). The requirement for written informed consent was 
waived by the ethics committee due to the retrospective design and use of de-identified data. 

2.2. Definition of prone positioning cycles and longitudinal respiratory measurements 

Longitudinal respiratory measurements were organized according to sequential prone positioning cycles. Cycle 1 (T1–T5) 
represented the first prone positioning cycle and included pre-prone supine position (T1), early prone phase (T2), middle prone 
phase (T3), end of prone phase (T4), and return to supine position (T5). Cycle 2 (T6–T10) and Cycle 3 (T11 – T15) were defined 
analogously for the second and third prone positioning cycles, respectively. At each predefined time point, arterial blood gas 
variables were collected, including PaO2 , FiO2 , and PaCO2 . The PaO2 /FiO2 (P/F) ratio was calculated as PaO2 divided by FiO2 
. Within each prone positioning cycle, T1 was defined as the pre- prone supine measurement, T2 as the early prone-phase 
measurement, T3 as the middle prone-phase measurement, T4 as the end-prone measurement, and T5 as the post-prone supine 
measurement. Cycle 2 and Cycle 3 were defined analogously. The timing of arterial blood gas sampling was determined according 
to the institutional prone positioning protocol and was synchronized with the corresponding ventilator settings, including FiO2 
and PEEP. Baseline clinical variables were extracted from the medical records, including age, sex, body mass index (BMI), systolic 
blood pressure (SBP), diastolic blood pressure (DBP), positive end-expiratory pressure (PEEP), dynamic compliance (Cdyn), Acute 
Physiology and Chronic Health Evaluation II (APACHE II) score, ARDS severity category, major etiologies/comorbidities, CT pattern, 
continuous renal replacement therapy (CRRT), and extracorporeal membrane oxygenation (ECMO). 

2.3. Outcome 
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The primary endpoint was 28-day mortality, defined as death from any cause within 28 days after initiation of the first prone 
positioning cycle. 

2.5. Survival analysis 

Kaplan –Meier curves were generated to compare 28-day survival across trajectory classes, and differences between groups were 
assessed using the log-rank test. To further evaluate the association between trajectory class membership and 28-day mortality, 
Cox proportional hazards regression models were constructed and presented as hazard ratios (HRs) with 95% confidence intervals 
(CIs). Separate multivariable models were fitted for the selected P/F trajectory model, PaCO2 trajectory model, and joint P/
F+PaCO 2 trajectory model. In these analyses, Class 1 served as the reference category for trajectory membership. For categorical 
covariates, the reference groups were defined a priori, including male sex and mild ARDS, as applicable. 

2.6. Statistical analysis 179

Data Processing and Latent Class Mixed Modeling 180

Latent class mixed models were fitted using the lcmm package in R. The PaO2 /FiO 2 ratio and PaCO2 were standardized using 
Z-scores before modeling to improve numerical stability and to allow joint modeling of variables measured on different scales. 
Time was modeled according to the predefined observation order, and natural cubic splines with 3–4 degrees of freedom were 
used to capture nonlinear trajectories. A random intercept was included to account for between-patient heterogeneity. For each 
observation window, one-, two-, and three-class models were fitted using multiple sets of initial values to reduce the risk of 
convergence to local maxima. Model selection was based on a combination of BIC, minimum class size, posterior classification 
quality, and clinical interpretability. Models generating very small or clinically implausible classes were not selected even when 
they showed lower BIC values. Patients were assigned to the trajectory class with the highest posterior probability. Classification 
quality was assessed using entropy, class-specific average posterior probability, and odds of correct classification. Because 
trajectory class assignment may be affected by classification uncertainty, all trajectory-based survival analyses were considered 
exploratory and were interpreted together with model diagnostics. 

Survival Analysis and Covariate Selection 200

The primary outcome was 28-day all-cause mortality. Kaplan – Meier curves were constructed and compared using the log-rank 
test. Cox proportional hazards models were used to assess the association between trajectory classes and mortality risk. Potential 
confounders were selected based on clinical relevance and univariate Cox regression. Age, sex, and APACHE II score were included 
in all multivariable models regardless of statistical significance. Additional covariates with P < 0.10 in univariate Cox analysis were 
considered for inclusion, while avoiding overfitting and collinearity. The proportional hazards assumption was assessed using 
Schoenfeld residuals. Results are presented as hazard ratios with 95% confidence intervals. All analyses were performed using R 
version 4.5.2 (lcmm, survival, and ggplot2 packages), with two-sided P < 0.05 considered statistically significant. 

Results 

Study population 

A total of 350 adult patients with ARDS who underwent prone positioning during invasive mechanical ventilation were included in 
the final analysis. All patients had available longitudinal arterial blood gas measurements for the prespecified trajectory analyses 
and complete 28-day mortality data. Baseline characteristics according to the selected PaO 2 /FiO 2 and joint PaO 2 /FiO 2 – PaCO 2 
trajectory classes are summarized in Table 2. 

Model Fitting and Selection 

Using Z-score standardized longitudinal data, LCMMs with natural cubic splines were applied to identify trajectory patterns of P/F 
and PaCO2 across different time windows (5, 10, and 15 time points). Based on BIC, class size, and clinical interpretability, optimal 
trajectory models were selected for each time window. The use of maximum likelihood estimation allowed for robust handling of 
missing and irregular data. Although the one-class models yielded slightly lower BIC values in some T1 –T10 analyses, they did not 
allow clinically meaningful prognostic stratification. The two- class T1–T10 models were retained for the primary analyses because 
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they produced balanced class sizes, clinically interpretable trajectory patterns, and significant separation in subsequent time-to-
event analyses. Therefore, the selected models were intended to support exploratory risk stratification rather than to establish 
definitive biological subphenotypes. 

PaO2 /FiO2 trajectory model across the first two prone positioning cycles 

In the selected T1–T10 PaO2 /FiO2 trajectory model, patients were classified into two groups: Class 1 (n = 180) and Class 2 (n = 
170). Class 2 showed consistently higher predicted PaO2 /FiO2 values across the first two prone positioning cycles than Class 1. 
The 28-day mortality rate was significantly lower in Class 2 than in Class 1 (45.3% vs. 66.1%, P < 0.001). Kaplan – Meier analysis 
demonstrated significantly better survival in Class 2 than in Class 1 over 28 days. In the multivariable Cox model, Class 2 remained 
independently associated with a lower hazard of 28-day mortality compared with Class 1. 

Joint PaO 2 /FiO 2 – PaCO 2 trajectory model across the first two prone positioning cycles 

In the selected joint T1–T10 model, patients were classified into Class 1 (n = 186) and Class 2 (n = 164). Class 1 was characterized 
by lower PaCO2 and higher PaO2 /FiO 2 values, whereas Class 2 showed higher PaCO2 and lower PaO2 /FiO2 values across the first 
two prone positioning cycles. Although the crude 28-day mortality difference did not reach statistical significance, mortality 
was numerically higher in Class 2 than in Class 1. Kaplan–Meier analysis showed significant separation between the two classes, 
and the adjusted Cox model demonstrated that Class 2 was independently associated with a higher hazard of 28-day mortality 
compared with Class 1. 

PaCO2 -only trajectory model 

The PaCO 2 -only trajectory model did not provide robust independent prognostic information after adjustment. Although PaCO2 
trajectories captured differences in ventilatory status, trajectory class membership was not independently associated with 28-day 
mortality in the multivariable Cox model. This finding suggests that PaCO2 may be more informative when interpreted jointly with 
oxygenation rather than as an isolated trajectory marker. 

Early Phase (5 Time Points): Limited Prognostic Discrimination 

In the early monitoring window, univariate models did not identify subgroups with significant differences in 28-day mortality. 
Kaplan – Meier curves based on P/F or PaCO2 trajectories showed no significant separation. Similarly, the bivariate model 
identified two classes, but no significant survival difference was observed (log-rank P > 0.05). These findings suggest limited 
prognostic discrimination of early trajectory patterns. 

Intermediate Phase (10 Time Points): Improved Prognostic Stratification 

With extended monitoring to 10 time points, trajectory patterns showed improved discriminatory ability. The P/F model identified 
two subgroups with significantly different survival outcomes (log-rank P < 0.05). After adjustment for age and sex, trajectory 
class remained significantly associated with 28-day mortality (HR = 0.63, 95% CI: 0.45–0.90, P < 0.05). The bivariate model (P/F 
and PaCO2) demonstrated similar findings (HR = 1.55, 95% CI: 1.11–2.15, P < 0.05), whereas the PaCO2-only model did not yield 
clinically or statistically meaningful groupings. 

Late Phase (15 Time Points): Reduced Stability of Prognostic Associations 

At 15 time points, the prognostic performance of trajectory models became less stable. The P/F model did not distinguish survival 
outcomes, and although the PaCO2 model showed significant differences in Kaplan – Meier analysis (P < 0.05), this was not 
sustained in multivariable Cox models (P > 0.05). The bivariate model remained statistically significant; however, one subgroup 
approached the minimum size threshold, and Kaplan–Meier curves exhibited crossing, suggesting potential non-proportional 
hazards. Therefore, results from this time window should be interpreted with caution. Overall, the intermediate time window (10 
time points) provided more stable and reliable prognostic information. 

Trajectory-Based Classification and Exploratory Survival Analysis 

Trajectory classification showed non-negligible uncertainty, as reflected by modest posterior classification indices. Therefore, 
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the selected trajectory classes were interpreted as exploratory trajectory-derived risk strata rather than definitive biological 
subphenotypes. Survival analyses based on trajectory class membership were consequently interpreted in conjunction with 
trajectory patterns, class size, and clinical plausibility. 

Discussion 307

In this retrospective trajectory analysis of patients with ARDS undergoing prone positioning, early respiratory trajectories across 
the first two prone positioning cycles were associated with 28-day mortality. The main findings are threefold. First, a persistently 
higher PaO2 /FiO2 trajectory was associated with better 28-day survival and remained independently associated with lower 
mortality after adjustment. Second, joint modeling of PaO2 /FiO2 and PaCO2 refined risk stratification by identifying a higher-
risk trajectory pattern characterized by lower oxygenation and higher PaCO 2 . Third, PaCO2 trajectory alone did not retain an 
independent association with 28- day mortality after adjustment, suggesting that PaCO2 may be more clinically informative 
when interpreted together with oxygenation rather than in isolation.The association between a more favorable P/F trajectory and 
lower 28-day mortality is biologically plausible. Compared with a single baseline oxygenation measurement, longitudinal P/F 
trajectories across repeated prone positioning cycles are more likely to capture the dynamic evolution of lung injury and the early 
response to supportive treatment. In our cohort, the less favorable P/F trajectory was also accompanied by a higher proportion 
of severe ARDS and a significantly different CT pattern distribution, supporting the interpretation that trajectory membership 
reflected clinically meaningful heterogeneity rather than statistical clustering alone. Taken together, these findings suggest that 
early temporal changes in oxygenation during prone positioning may provide prognostic information beyond a cross-sectional 
assessment at a single time point. The joint trajectory analysis extends this observation by showing that the combination of PaCO2 
and P/F captures prognostically relevant information that may not be fully represented by either variable alone. Patients in the 
less favorable joint class exhibited persistently higher PaCO2 together with lower P/F, a pattern that may reflect simultaneous 
impairment in oxygenation and ventilatory efficiency during repeated prone positioning cycles. From a physiological perspective, 
such a pattern is consistent with more severe respiratory dysfunction and a higher-risk clinical course. Notably, although the crude 
between-group difference in 28-day mortality in Table 2 did not reach statistical significance, both the Kaplan–Meier analysis 
and the adjusted Cox model demonstrated significant prognostic separation. This discrepancy is not unexpected, as time-to-
event analyses account for event timing and censoring and may therefore detect prognostic differences that are less apparent in 
unadjusted mortality proportions alone. Another noteworthy finding is that the PaCO2 trajectory alone was not independently 
associated with 28-day mortality after multivariable adjustment. This result suggests that isolated PaCO2 patterns may be 
influenced by multiple factors beyond the severity of pulmonary dysfunction, including ventilatory strategy, compensatory 
changes in minute ventilation, and systemic metabolic conditions. By contrast, when PaCO2 was interpreted together with P/F, its 
prognostic relevance became more evident. This finding supports a more integrated view of respiratory monitoring during prone 
positioning, in which oxygenation and ventilation are considered complementary dimensions of disease evolution rather than 
separate competing markers. These findings may have practical clinical implications. Repeated assessment of routinely available 
respiratory variables across the early prone positioning cycles may provide more informative risk stratification than a single 
cross-sectional measurement. In particular, trajectory-based classification over the first two prone positioning cycles may help 
identify patients with persistently unfavorable respiratory evolution who may require closer surveillance and more individualized 
management. The observation that trajectory class remained informative after adjustment for established clinical factors 
further suggests that dynamic respiratory phenotyping during prone positioning may add prognostic value beyond conventional 
baseline severity assessment. In addition, model selection was not based solely on the lowest BIC. Some candidate models with 
favorable statistical fit generated very small or clinically implausible classes, limiting their usefulness for bedside interpretation. 
We therefore prioritized models that balanced statistical fit, adequate class size, clinical plausibility, and prognostic separation. 
This pragmatic approach is appropriate for exploratory risk stratification but requires prospective validation before clinical 
implementation. Several issues should be considered when interpreting the present findings. Class selection was guided not 
only by statistical fit, but also by class size and clinical interpretability, because some candidate models generated very small 
subgroups. In addition, trajectory membership was derived from observational longitudinal data and should not be interpreted 
causally. Residual confounding cannot be excluded, and external validation will be required before broader clinical application. 
Nevertheless, the consistency between trajectory patterns, survival curves, and adjusted risk estimates supports the robustness 
of the main findings. An important methodological limitation is the uncertainty inherent in latent class assignment. Posterior 
classification indices indicated that separation between classes was modest, and therefore trajectory classes should not be 
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interpreted as definitive biological subphenotypes. Instead, they should be viewed as exploratory, clinically interpretable 
trajectory-derived risk strata. Future studies should validate these trajectory patterns in external cohorts and assess whether 
posterior probability weighting or other methods accounting for classification uncertainty improve risk estimation. 

Conclusion 

In conclusion, early PaO2 /FiO2 and joint PaO2 /FiO2 –PaCO2 trajectories across the first two prone positioning cycles were 
associated with 28-day mortality in patients with ARDS. A persistently higher PaO2 /FiO2 trajectory identified a lower- risk pattern, 
whereas the combination of higher PaCO2 and lower PaO2 /FiO2 identified a higher-risk pattern. Dynamic respiratory trajectories 
during prone positioning may provide a pragmatic framework for prognostic enrichment and bedside risk stratification, but 
further validation is required before these trajectory classes can be considered definitive respiratory subphenotypes. 
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Figure Legends 

Figure 1. PaO2 /FiO2 trajectory groups across the first two prone positioning cycles and corresponding 28-day Kaplan–
Meier survival curves. 

(A) Estimated trajectories of the predicted PaO2 /FiO2 ratio across the first two prone positioning cycles (T1–T10). T1–T5 represent 
Cycle 1, and T6–T10 represent Cycle 2. (B) Kaplan–Meier survival curves according to PaO2 /FiO2 trajectory class. Shaded areas 
indicate 95% confidence intervals, tick marks indicate censored observations, and numbers at risk are shown below the plot. The 
P value was calculated using the log-rank test.

Figure 2. Joint PaCO2 and PaO2  /FiO2  trajectory groups across the first twoprone positioning cycles and corresponding 
28-day Kaplan–Meier survival curves. 

(A) Estimated joint trajectories of PaCO2 and PaO2 /FiO2 ratio across the first two prone positioning cycles (T1–T10). T1–T5 
represent Cycle 1, and T6–T10 represent Cycle 2. The upper panel shows PaCO2 trajectories, and the lower panel shows PaO 2 /
FiO2 trajectories. Solid lines represent class-specific mean trajectories, and shaded areas indicate 95% confidence intervals. (B) 
Kaplan–Meier survival curves according to joint trajectory class. Shaded areas indicate 95% confidence intervals, tick marks 
indicate censored observations, and numbers at risk are shown below the plot. The P value was calculated using the log-rank test.
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Figure 3. Multivariable Cox regression analyses for 28-day mortality. 

Forest plots show adjusted hazard ratios and 95% confidence intervals for variables included in the PaCO2 -only, PaO2 /FiO2 -only, 
and joint PaO2 /FiO2 –PaCO2 trajectory models. The vertical reference line denotes a hazard ratio of 1.0. Class 1, male sex, and mild 
ARDS served as reference categories. Trajectory classes should be interpreted as exploratory trajectory-derived risk strata.
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Early Warning Value of Electrical Impedance Tomography Combined with Lung 
Ultrasound for Pulmonary Infection in Neurocritical Care Patients

Abstract 

Early Warning Value of Electrical Impedance Tomography Combined with Lung Ultrasound for Pulmonary Infection in 
Neurocritical Care Patients

Objective: To investigate the early warning value of electrical impedance tomography (EIT) combined with lung ultrasound (LUS) 
for pulmonary infection in neurocritical care patients.

Methods: A total of 330 neurocritical care patients admitted to the Department of Critical Care Medicine at the Affiliated 
Hospital of Southwest Medical University between January 2025 and January 2026 were retrospectively enrolled. All patients 
underwent dynamic EIT and LUS monitoring. According to whether pulmonary infection occurred during hospitalization, the 
patients were divided into an infection group (n = 108) and a non-infection group (n = 222). General clinical characteristics, 
oxygenation index, inflammatory markers, EIT parameters, and LUS scores were collected. The EIT parameters included the global 
inhomogeneity index (GI), dorsal ventilation proportion, regional ventilation delay (RVD), and changes in end-expiratory lung 
impedance. Differences in these indicators were compared between the two groups. Multivariable logistic regression analysis was 
performed to identify independent factors associated with pulmonary infection in neurocritical care patients. Receiver operating 
characteristic (ROC) curves were constructed to evaluate the early warning performance of EIT, LUS, and their combination. The 
DeLong test was used to compare the areas under the ROC curves among the different prediction models.

Results: The LUS score, GI, and RVD in the infection group were 16.82 ± 4.26 points, 0.49 ± 0.08, and 8.71 ± 2.15%, respectively, 
which were significantly higher than those in the non-infection group (8.36 ± 3.14 points, 0.41 ± 0.07, and 5.46 ± 1.83%, 
respectively). The dorsal ventilation proportion and oxygenation index in the infection group were 42.63 ± 7.85% and 214.36 ± 
48.27 mmHg, respectively, which were significantly lower than those in the non-infection group (49.74 ± 8.16% and 286.52 ± 
55.41 mmHg, respectively). All differences were statistically significant (all P < 0.001). Multivariable logistic regression analysis 
showed that an increased LUS score, an elevated GI, prolonged RVD, and a decreased dorsal ventilation proportion were 
independently associated with pulmonary infection in neurocritical care patients (all P < 0.05). ROC curve analysis showed that 
the area under the curve (AUC) of EIT alone was 0.781 (95% confidence interval [CI]: 0.731–0.831), with a sensitivity of 75.0% and 
a specificity of 72.1%. The AUC of LUS alone was 0.824 (95% CI: 0.780–0.869), with a sensitivity of 78.7% and a specificity of 76.6%. 
The AUC of EIT combined with LUS was 0.901 (95% CI: 0.868–0.934), with a sensitivity of 86.1% and a specificity of 83.8%. The 
DeLong test showed that the AUC of the combined model was significantly higher than those of EIT alone and LUS alone (P < 0.001 
and P = 0.006, respectively).

Conclusion: Pulmonary infection in neurocritical care patients is characterized by increased pulmonary ventilation heterogeneity, 
prolonged regional ventilation delay, a decreased dorsal ventilation proportion, and an elevated LUS score. The combination 
of EIT and LUS enables bedside, non-invasive, and dynamic assessment of both regional pulmonary ventilation and lung 
morphological changes. Its early warning performance is superior to that of EIT or LUS alone and may provide a useful reference 
for the early identification and timely clinical management of pulmonary infection in neurocritical care patients.

Keywords: electrical impedance tomography; lung ultrasound; neurocritical care; pulmonary infection; early warning
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Effect of age on comorbidities and occurrence and outcome of sepsis in ICU 
patients in China: a national cohort study

Age and comorbidities are established risk factors for sepsis occurrence and poor clinical outcomes. However, national data on 
their age-specific joint associations with sepsis occurrence and outcome in China are limited.

We conducted this hospital-based observational study using data from intensive care units (ICUs) in the National Hospital Quality 
Monitoring System (HQMS) for 2023. Sepsis was identified using explicit ICD‐10 codes or implicit criteria defined as infection with 
organ dysfunction. Comorbidities were classified and scored by the Charlson Comorbidity Index (CCI). The primary outcome was 
defined as in-hospital death or discharge against medical advice (DAMA). Multivariable logistic regression was employed to assess 
associations of comorbidity number with sepsis occurrence and exacerbated outcome. Age-stratified analyses across eight age 
groups were performed to evaluate how age modified these associations.

In 2023, the HQMS database included 3,984,278 ICU patients from 4,113 hospitals, the mean age was 62 (standard deviation 
17) years, and 2,226,586 (55.88%) were male. Of these, 1,442,113 (36.20%) patients were diagnosed with sepsis. Among sepsis 
patients, 171,802 (11.91%) died in hospital, and in-hospital death/DAMA rate was 40.18%. In terms of hospitalization costs, with 
increasing comorbidity burden and age, the out-of-pocket proportion of total expenses decreased. For sepsis occurrence, a higher 
number of comorbidities was independently associated with increased occurrence of sepsis. This association was strongest in 
younger patients and weakened progressively with age. In adultsyounger than 30 years, CCI was the dominant determinant of 
sepsis occurrence (aOR = 5.02, 95%CI 4.90-5.13, p < 0.001), whereas age showed a modest protective effect (aOR = 0.98, 95% CI 
0.98-0.98, p < 0.001). In patients aged 50-89 years, the CCI effect declined steadily (aOR range: 2.12-1.66, p < 0.001), while the age 
effect was gradually enhanced (aOR range: 1.01-1.05, p < 0.001). Besides, the number of comorbidities wasidentified as a risk 
factor for exacerbated outcome, and similar age-dependent patterns were observed.

Sepsis remains a substantial burden in ICUs across China. For sepsis occurrence and exacerbated outcome, the dominant risk 
factor shifted from comorbidity in adults aged < 30 years to age in those aged 50-89 years. These findings may offer some insights 
into the formulation of health policies.
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Effect of anisodamine hydrobromide on improving early microcirculation 
disturbance in septic shock patients

Summary:

BACKGROUND: Septic shock, prevalent in critical care medicine, poses significant treatment challenges and high mortality rates. 
Its pathogenesis involves an inflammatory cytokine storm and microcirculatory dysfunction, potentially leading to fatal multiple 
organ failure. Microcirculation alterations during septic shock critically impact patient outcomes. Anisodamine hydrobromide, a 
commonly used anticholinergic, mitigates oxidative stress and modulates cell apoptosis, notably enhancing microcirculation by 
targeting cholinergic receptors. This study investigates the efficacy of anisodamine hydrobromide in ameliorating microcirculatory 
disorders in septic shock patients.

Methods: This article collects 72 cases of patients with septic shock from the Department of Critical Care Medicine, Affiliated 
Hospital of Hebei University from 2024 to 2025. Participants were assigned to either a treatment group or a control group based 
on the administration of anisodamine hydrobromide. Data on heart rate, mean arterial pressure (MAP), blood lactate (LAC) levels, 
peripheral blood perfusion index (PI), and mottling scores were collected at 0, 6, 24, and 48 hours post-admission. Additionally, 
the 28-day mortality rate and progression from acral cyanosis to acral necrosis were assessed. Statistical analysis was conducted 
to compare differences in these indices between the groups.

Results: No statistically significant difference was observed in 28-day mortality between the treatment and control groups (14% 
vs. 16%; p =0.86). Norepinephrine dosage also showed no significant difference. Heart rates at 6 and 24 hours post-treatment 
were statistically similar; however, at 48 hours, the treatment group exhibited a significantly lower heart rate than the control 
group. ScvO2 and Pcv-aCO2 levels did not differ significantly between groups at any time point (all p >0.05). Comparison of 
microcirculatory oxygen metabolism indicators between the groups: The treatment group exhibited significant improvements 
in lactate and PI compared to the control group (P ＜ 0.05). At 6 and 24 hours post-treatment, the SMS scores were lower in 
the treatment group, though no significant difference was observed at 48 hours. CRT showed no difference at 6 hours, but the 
treatment group demonstrated significant improvement at 24 and 48 hours (P >0.05). No statistically significant difference was 
found in the progression from acral cyanosis to acral necrosis between the groups.

Conclusion: The standardized treatment of septic shock, when combined with anisodamine hydrobromide infusion, enhances 
early microcirculation indicators in septic shock patients. 

Keywords: Anisodamine hydrobromide; Septic shock; Microcirculation disorder; Blood lactic acid (LAC); Peripheral perfusion 
index (PI); Mottling score; Acral cyanosis; Acral necrosis.

Septic shock is characterized by sepsis with severe circulatory and cellular metabolic dysfunctions. The infection initiates an 
innate immune response, activating immune cells like mononuclear macrophages to release inflammatory mediators such as 
tumor necrosis factor-α (TNF-α), interleukin (IL)-1, and IL-6. Normally, the body’s anti-inflammatory mechanisms maintain 
equilibrium, but in septic shock, the inflammatory response becomes excessive and persistent, disrupting this balance and 
causing tissue damage. Inflammatory mediators harm vascular endothelial cells, increase vascular permeability, and lead to 
plasma exudation into tissue spaces, reducing effective circulating blood volume. Concurrently, vasomotor dysfunction results in 
abnormal vasodilation and microthrombus formation, impairing blood perfusion and depriving tissues and organs of adequate 
oxygen and nutrients[1].

Microcirculatory dysfunction is pivotal in the development of tissue hypoxia and organ failure during sepsis [2]. Despite achieving 
macro-hemodynamic resuscitation targets, microvascular perfusion alterations often persist. These microcirculatory issues 
intensify tissue hypoxia, shifting energy metabolism from aerobic to anaerobic, resulting in lactic acid accumulation and acidosis. 
Septic shock frequently involves decreased effective volume, leading to peripheral circulatory failure. Numerous studies have 
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focused on evaluating peripheral circulation in shock treatment.[3]. In septic shock, peripheral vasoconstriction prioritizes blood 
flow to vital organs, reducing the perfusion index (PI). The extent of PI reduction correlates with shock severity. Research indicates 
that lower PI values are associated with severe microcirculatory disorders, such as poor skin perfusion, serving as an early 
indicator and severity assessment tool for shock.

The presence of mottled skin during an initial patient assessment is a strong indicator of critical illness, often signaling hypoxia 
and blood stasis in terminal vessels. The mottling score serves as a semi-quantitative index for evaluating the severity of sepsis 
[4]. Elucidating the pathophysiological basis of the mottling score enhances its utility in assessing microcirculation. Bourcier's 
vascular reactivity tests revealed that patients with mottled skin frequently exhibit endothelial dysfunction [5]. Additionally, 
some researchers suggest that coagulation cascade activation and vasoconstriction, triggered by heightened sympathetic stress, 
contribute to mottling [6].

The primary pathophysiological mechanism of septic shock is microcirculatory dysfunction, leading to tissue hypoxia, organ 
dysfunction, and potentially life-threatening conditions. This can be viewed as a severe endothelial dysfunction syndrome. 
Infection triggers reversible or irreversible microcirculatory damage, significantly contributing to multiple organ failure [7]. 
Thus, regulating the inflammatory response and repairing endothelial damage are crucial in treating septic shock. Anisodamine 
hydrobromide has demonstrated efficacy in enhancing microcirculation and mitigating reperfusion injury by reducing oxidative 
stress, inhibiting apoptosis, alleviating inflammation, and activating the cholinergic anti-inflammatory pathway [8][9]. The current 
research on anisodamine for treating septic shock remains inadequate. Studies have not demonstrated that anisodamine reduces 
in-hospital mortality among critically ill adults with septic shock in intensive care [10]. Consequently, we conducted a randomized 
controlled trial focusing on microcirculation indicators, including blood lactic acid levels, peripheral perfusion index, mottling 
score, and the progression of acral cyanosis to necrosis. This trial aims to assess whether anisodamine hydrobromide can enhance 
microcirculation.

1 Data and methods

1.1 General Data：Clinical data from 72 septic shock patients admitted to the Department of Critical Care Medicine at the Affiliated 
Hospital of Hebei University between January 2024 and June 2025 were analyzed. Of these, 41 patients treated with anisodamine 
hydrobromide constituted the experimental group, while 31 untreated patients formed the control group. The mean age was 64 ± 
10 years. Predominant conditions included severe pneumonia, urinary tract infections, enterogenic infections, and postoperative 
intra-abdominal infections.

1.2 Inclusion Criteria: ① Confirmed infection site. ② Systolic blood pressure (SBP) below 90 mmHg, necessitating vasopressors for 
stabilization. ③ Blood lactate levels exceeding 2 mmol/L.

1.3 Exclusion criteria：Patients younger than 18 years of age, pregnant women and patients with known peripheral vascular 
disease (e.g. peripheral arterial occlusive disease, vasculitis) were excluded.

1.4 Grouping Methods: Patients with septic shock were divided into two groups based on the administration of anisodamine 
hydrobromide. Both groups received standard septic shock treatment, including fluid resuscitation, vasopressors, empirical 
antibiotics, and organ support. In the experimental group, anisodamine hydrobromide was delivered via pump. The initial 
intravenous bolus was 0.5 mg/kg, with a minimum of 20 mg and a maximum of 40 mg. The maintenance dose ranged from .02 to 
.1 mg/kg/h, adjusted by the treating physician according to vital signs, lactate levels, and adverse reactions, with a daily maximum 
of 200 mg. Drug withdrawal criteria included: 1) recovery from shock (normal serum lactate levels and cessation of vasopressors); 2) 
unresolved drug-related complications despite symptomatic treatment (e.g., arrhythmia, allergic reaction, intestinal obstruction); 
3) patient death.

1.5 Methods: A central venous catheter was inserted via the internal jugular or subclavian vein to simultaneously collect central 
venous and peripheral arterial blood for gas analysis. Indicators measured at admission and 12, 24, and 48 hours post-treatment 
included central venous oxygen saturation (ScvO2), central venous partial pressure of carbon dioxide (PcvCO2), peripheral arterial 
blood lactate (Lac), arterial partial pressure of carbon dioxide, pulse perfusion index (PI), capillary refill time (CRT), and skin 
mottling score (SMS). Statistical differences in these indicators, 28-day mortality, and the number of patients with acral cyanosis 
or progressing to acral necrosis were compared between the two groups.
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1.6 Microcirculation monitoring indicators：Skin mottling score (SMS) was assessed using the criteria by Ait-Oufella et al. to 
evaluate peripheral microcirculatory perfusion. Capillary refill time (CRT) involved raising the patient's right index finger to heart 
level and pressing the fingertip with a glass slide until blanching occurred. After 10 seconds, the slide was removed, and the time 
for color return was recorded with a stopwatch; this process was repeated twice for an average. A CRT of ≥ 3 seconds indicated 
microcirculatory impairment. Pulse perfusion index (PI) was measured using a Mindray pulse oximetry monitor, with the middle 
finger as the consistent measurement site.

1.7 Statistical Methods: Statistical analyses were conducted using SPSS software. Non-normally distributed measurement data 
were reported as medians with interquartile ranges Q2 (Q1, Q3). Group comparisons employed the Mann-Whitney U test, while 
paired samples with non-normal distributions were analyzed using the Wilcoxon signed-rank test. Binary variable comparisons 
between two groups utilized the Pearson chi-square test. Statistical significance was set at P < .05. Survival curves for 28-day 
survival trends were generated using the Kaplan-Meier method, and the Fine-Gray test assessed differences in extremity necrosis 
risk between the groups.

2.Outcomes

2.1 Participants

Baseline characteristics of the patient groups: From the Department of Critical Care Medicine at the Affiliated Hospital of Hebei 
University, 85 patients were initially screened. Exclusions included 2 patients who died within 6 hours of admission, 2 with 
intestinal obstruction, 5 with an ICU stay exceeding 24 hours at enrollment, 1 with glaucoma, and 3 in the acute phase of cerebral 
hemorrhage. Ultimately, 72 patients were included: 41 in the treatment group and 31 in the control group. All patients were on 
mechanical ventilation; 46 underwent CRRT, and 2 received ECMO. In the treatment group, anisodamine hydrobromide was 
administered for an average of 3.1 days.
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Note:Both patient groups received septic shock treatment according to the Sepsis-3 Guidelines bundle. The control group 
additionally received an intravenous infusion of anisodamine hydrobromide alongside standard treatment. Lac denotes blood 
lactate, ScvO2 central venous oxygen saturation, PcCO2 (v-a) the central venous-arterial carbon dioxide partial pressure difference, 
PI the pulse perfusion index, SMS the skin mottling score, and CRT the capillary refill time.

2.2 Comparison of mortality between treatment and control groups

The in-hospital mortality rate for the treatment group was marginally lower than that of the control group, though the difference 
was not statistically significant (14% vs. 16%; p = .86). The log-rank test of the Kaplan-Meier survival curves indicated no significant 
survival difference between the groups (Figure 1).

Figure 1 Kaplan-Meier survival curve

2.3 Comparison of clinical indicators between the treatment group and the control group

No significant difference in 28-day mortality was observed between the patient groups. Norepinephrine dosage within 48 hours 
post-treatment and heart rate at 6 and 4 hours post-treatment showed no significant differences between the groups. However, at 
48 hours, the treatment group exhibited a statistically significant decrease in heart rate compared to the control group. ScvO2 and 
Pcv-aCO2 levels showed no significant differences across all time points (P >0.05). In terms of microcirculatory oxygen metabolism, 
lactic acid and PI levels significantly improved in the treatment group compared to the control group (P ＜ 0.05). SMS scores were 
lower in the treatment group at 6 and 24 hours post-treatment, with no notable difference at 48 hours. Conversely, CRT scores 
showed no difference at 6 hours but significantly improved in the treatment group at 24 and 48 hours (P ＜ 0.05) (Table 2)..

Regarding the comparison of oxygen metabolism indicators in the microcirculation between the two groups, levels of lactic 
acid and perfusion index (PI) were significantly improved in the treatment group compared to the control group (P>0.05). The 
Sequential Organ Failure Assessment (SOFA) scores in the treatment group were lower than those in the control group at 6 hours 
and 24 hours post-treatment, with no significant difference between the groups at 48 hours. Conversely, when comparing the 
groups using the Capillary Refill Time (CRT) parameter, there was no distinction at 6 hours, but significant improvement was 
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observed in the treatment group at 24 hours and 48 hours (P>0.05) (Table 2).

Table 2 Comparison of primary and secondary clinical outcomes between treatment and control groups
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Panel A illustrates early-stage right thumb necrosis in the treatment group. Panel B depicts late-stage right thumb necrosis in the 
treatment group. Panel C shows early-stage necrosis of the right toes and sole in the control group. Panel D presents late-stage 
necrosis of the right toes and sole in the control group. 

Symmetric peripheral gangrene (SPG) is characterized by cyanosis and ecchymosis of the extremities, typically starting at 
the fingers and progressing proximally, potentially leading to necrosis, ulcers, and ultimately gangrene. Table 3 compares 
acrocyanosis occurrence between two patient groups. In the experimental group, 9 out of 41 cases (21.95%) exhibited 
acrocyanosis, whereas in the control group, 10 out of 31 cases (32.26%) showed this symptom. A chi-square test yielded X2 = 1.12, 
df = 1, and P = .29, indicating no statistically significant difference in acrocyanosis incidence between the groups. Table 4 details 
patient outcomes with acral cyanosis. In the control group, 2 out of 10 patients (20%) progressed to acral necrosis, 4 (40.%) died 
before necrosis could be observed, and 4 (40.%) did not develop necrosis. In the experimental group, 1 out of 9 patients (11.1%) 
progressed to acral necrosis, 4 (44.4%) died before necrosis observation, and 4 (44.4%) did not develop necrosis. The Fine-Gray 
competing risk model (Table 5) yielded a sub-distribution hazard ratio (sHR) of .51 (95% CI: .07–3.48) for the experimental group 
compared to the control, with a P-value of 0.49, indicating no significant difference in acral necrosis risk between the groups.

3. discussion

Advancements in septic shock treatments reveal that achieving macro-hemodynamic stability is merely a component of 
sepsis management; the primary objective is optimizing microvascular blood flow. Septic shock often disrupts "hemodynamic 
coherence," indicating a disconnect between systemic and microcirculatory responses[11]. Clinically, using high-dose vasoactive 
drugs to maintain mean arterial pressure (MAP) above 65 mmHg frequently results in extremity necrosis[12]. Effective organ and 
tissue perfusion necessitates optimizing microcirculatory regulation—targeting arterioles, capillaries, and venules—rather than 
solely maintaining blood pressure, which can lead to peripheral vascular occlusion[13]. Thus, identifying methods and drugs to 
enhance microcirculation is imperative.

  This study assessed anisodamine hydrobromide's impact on microcirculation and clinical outcomes. No significant difference in 
28-day mortality was observed between the groups, likely due to the multifactorial nature of septic shock, which involves complex 
interactions such as multiple organ failure, gastrointestinal ischemia, and the adequacy of cardiopulmonary resuscitation [14]. 
While anisodamine hydrobromide enhances microcirculation, it may not mitigate other lethal risk factors like uncontrolled 
infection sources and organ failure. The "macrovasodilation and microvasoconstriction" seen in septic shock reflects pathological 
disparities in systemic inflammatory responses and vascular regulation across different vessel levels, influenced by vascular 
structure, regulatory mechanisms, and local microenvironment changes [15]. The tension in large blood vessels, such as the aorta, 
middle artery, and vein, is primarily influenced by neurohumoral regulation and systemic inflammatory mediators[16]. Infections 
activate immune cells to release inflammatory factors like TNF-α and IL-6, prompting cells in the liver, kidney, and intestine 
to produce substantial amounts of nitric oxide (NO)[17]. As a potent vasodilator, NO penetrates vascular smooth muscle cells, 
activating guanylate cyclase and increasing cGMP, which leads to smooth muscle relaxation. Research indicates that anisodamine 
hydrobromide's antishock effect is mediated by IL-10, and this effect is significantly reduced in IL-10-deficient mice[18]. However, 
not all septic shock patients exhibit elevated IL-10 levels; insufficient anti-inflammatory compensation can result in an excessive 
pro-inflammatory response, causing severe tissue damage. This impairs immune cell function, diminishes pathogen clearance, 
complicates infection control, and worsens prognosis. In such cases, the antishock efficacy of anisodamine hydrobromide is 
limited. The lack of statistical difference in norepinephrine (NE) dosage between the two groups within 48 hours post-treatment 
can be attributed to the regulation of large vessel tension primarily by sympathetic nerves (via α-adrenergic receptors), the renin-
angiotensin system, and humoral factors like catecholamines and endothelin[19]. M-choline receptors are sparsely distributed 
on smooth muscle cells. Anisodamine hydrobromide, a selective M-choline receptor antagonist, primarily affects M-receptors on 
small vessel smooth muscle, alleviating spasms by counteracting acetylcholine and other vasoconstrictors. In contrast, its direct 
impact on large vessels such as the aorta, superior mesenteric artery, and renal artery is minimal due to the low density of M 
receptors, thus not significantly altering basal tension. Consequently, any improvement in blood pressure or reduction in blood 
pressure medication is negligible.

  Macrocirculatory parameters, such as central venous oxygen saturation (ScvO2) and the central veno-arterial carbon dioxide 
gradient (Pcv-aCO2), are often used to evaluate systemic oxygen metabolism and tissue perfusion [20, 21]. In this study, no 
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significant differences in ScvO2 and Pcv-aCO2 were observed between the treatment and control groups at any time point. This 
suggests that anisodamine hydrobromide primarily enhances microcirculation perfusion with minimal impact on systemic 
oxygen metabolism. Whole-body oxygen metabolism is influenced by factors such as respiratory function and hemoglobin levels. 
Following microcirculation improvement by anisodamine hydrobromide, noticeable changes in systemic oxygen metabolism may 
require extended time or complex physiological adjustments.

In the microcirculation oxygen metabolism index, the lactic acid levels in the PI treatment group showed a significant 
improvement compared to the control group. Lactate is crucial for diagnosing and assessing septic shock [22] and serves as a vital 
marker of tissue hypoxia and anaerobic metabolism [23]. A reduction in lactate levels suggests that anisodamine hydrobromide 
effectively alleviates tissue hypoxia. This effect is attributed to anisodamine hydrobromide's ability to block M choline receptors 
on vascular smooth muscle, thereby alleviating microvasospasm (including arterioles, venules, and pre-capillary sphincters), 
stabilizing the endothelium, and inhibiting microthrombosis [24, 25]. Enhancing microcirculatory blood flow improves tissue and 
organ oxygenation. Correcting tissue hypoxia mitigates anaerobic metabolism, thereby lowering lactic acid production and blood 
lactate levels. The perfusion index (PI), indicating local tissue blood flow, is calculated as the ratio of the pulse wave in pulsating to 
non-pulsating regions. While research on macrocirculatory stability in septic shock patients is well-established, microcirculation 
has emerged as a focal point of study. It is recognized that microcirculatory failure is a fundamental pathological feature of septic 
shock, with clinical challenges often arising from the decoupling of macro- and microcirculation [26]. During septic shock, the 
release of inflammatory mediators like TNF-α and IL-6, along with sympathetic excitation and vasoactive substances such as 
catecholamines and angiotensin, induces persistent spasms and contractions in systemic microvessels, particularly arterioles 
and precapillary sphincters. This phenomenon effectively "blocks" the microcirculation pathway entrance, hindering blood flow 
into the capillary bed and leading to tissue ischemia and hypoxia[27]. The study's observed improvement in PI underscores the 
regulatory impact of anisodamine hydrobromide on microcirculation, enhancing microvascular perfusion and tissue oxygenation. 
These findings indicate that anisodamine hydrobromide significantly improves microcirculatory oxygen metabolism, playing a 
crucial role in alleviating tissue hypoxia in septic shock patients.

The speckle score (SMS) was employed as a specific index to assess peripheral microcirculation disorders in shock severity[28]. 
Scores for the treatment group were significantly lower than those of the control group at 6 and 24 hours post-treatment, with no 
significant difference observed at 48 hours. The speckle score quantifies the extent and duration of skin speckle, directly reflecting 
the perfusion state of skin microcirculation. The early-stage decrease in scores suggests that anisodamine hydrobromide rapidly 
restores microcirculation perfusion in peripheral tissues, such as skin, by alleviating arteriolar spasm and improving capillary 
blood flow. However, the score difference diminished at 48 hours, possibly due to improved microcirculation in the control group 
from overall treatment measures like fluid resuscitation and antibiotic intervention. Additionally, the speckle score's sensitivity 
may decline in the later shock stages, as vascular endothelial damage from prolonged hypoxia necessitates more complex repair 
mechanisms[29].

Distal gangrene in septic shock patients typically signals severe hypotension or elevated vasoconstrictor drug use, manifesting 
symmetrically or locally in fingers, toes, and potentially extending to feet or legs[30]. Unlike large artery occlusion, SPG arises 
from microvascular dysfunction and small vessel thrombosis[31]. This pathophysiology likely stems from a significant imbalance 
between procoagulant and anticoagulant factors within the tissue vascular bed, leading to microthrombosis[32、33]. Anisodamine 
hydrobromide theoretically inhibits microthrombosis, yet the study failed to confirm its efficacy in reversing acrocyanosis and 
necrosis. This may be due to acrocyanosis necrosis being the end-stage manifestation of microcirculation disorders, which 
involves not only microthrombosis but also factors like vascular endothelial injury, apoptosis, and metabolic failure from 
prolonged tissue ischemia. Anisodamine hydrobromide primarily acts by inhibiting thromboxane synthesis and improving early 
microcirculation blood flow. However, it is insufficient as a single intervention to halt necrosis driven by irreversible cellular 
damage and multifactorial tissue necrosis. Its impact on microcirculation is more apparent in hemodynamic measures, such as 
improved perfusion index (PI) and reduced lactate (LAC) levels. Nonetheless, acronecrosis results from long-term severe ischemia, 
and short-term hemodynamic improvements may not fully reverse ischemic tissue damage, thus inadequately reducing necrosis 
incidence. Additionally, the study's small sample size warrants consideration, suggesting the need for larger-scale research to 
delve deeper into this area.

Anisodamine hydrobromide effectively enhances early microcirculation oxygen metabolism, reduces heart rate, and improves 
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peripheral circulation in septic shock patients. While it did not significantly impact 28-day mortality, NE dosage, systemic oxygen 
metabolism, or limb necrosis improvement in this study, its efficacy in addressing microcirculation disorders remains notable. 
Future research should increase sample size, extend observation periods, and investigate the mechanisms and combined effects 
with other treatments to develop more effective strategies for septic shock management.
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Effect of one dose of ceftriaxone during endotracheal intubation on the incidence 
of aspiration pneumonia in cerebral hemorrhage patients: A randomized, 
controlled, double-blind clinical study protocol

ABSTRACT

Introduction 

Due to the use of analgesic and sedative drugs during endotracheal intubation and the opening of the glottis may easily cause 
aspiration pneumonia. Ceftriaxone is a semi-synthetic third-generation cephalosporin with strong antimicrobial activity against 
most gram-positive and gram-negative bacteria. It can effectively prevent and treat aspiration pneumonia.

Methods and analysis

This is a prospective, randomized, controlled, double-blind clinical study. Patients with intracerebral hemorrhage (ICH) 
undergoing endotracheal intubation in Dong E Hospital of Shandong Province from April 2023 to April 2024 will be enrolled and 
randomly assigned to the intervention group or control group. The intervention group will be treated using 100mL 0.9% sodium 
chloride with 2g ceftriaxone intravenously over the course of one hour beginning within two hours after endotracheal intubation. 
The control group will be given 100mL 0.9% sodium chloride injection intravenously of the course of one hour beginning within 
two hours after endotracheal intubation. The primary outcome is the incidence of aspiration pneumonia within 48 hours after 
endotracheal intubation. Secondary outcomes include: intensity of antimicrobial use, length of hospital stay, duration without 
mechanical ventilation, and 28-day mortality.

Discussion

The primary objective of this study is to explore whether a single dose of ceftriaxone administered during endotracheal intubation 
in patients with ICH reduced the incidence of pneumonia within 48 hours and provide evidence for the prevention of aspiration 
pneumonia in patients with ICH with endotracheal intubation.

Trial registration:The trial is registered at the Chinese Clinical Trial Registry: ChiCTR2200066837. Registered on December 19, 
2022. 

Keywords: Aspiration pneumonia; Endotracheal intubation; Cerebral hemorrhage; Ceftriaxone; Antibiotic

INTRODUCTION

Patients with intracerebral hemorrhage (ICH) often experience such complications as consciousness disorders, respiratory center 
damage, airway obstruction, and swallowing dysfunction [1]. Endotracheal intubation is often required to protect the airway 
and maintain oxygenation [2]. However, during endotracheal intubation, the application of analgesic sedative drugs and glottis 
exposure may lead to aspiration [3]. Inhaled substances may include secretions from the nasal cavity and oropharynx, residual 
food in the mouth, contents of gastrointestinal vomiting, and digestive fluid reflux, which may cause aspiration pneumonia, 
including aspiration lung inflammation and aspiration lung infection caused by chemical damage [4].

A prospective observational study involving a total of 879 cases of emergency endotracheal intubation patients found that, 
after excluding patients who were not eligible for prognostic assessment (those who died within 48 hours without detection 
of pneumonia), 29% developed pneumonia and 8% (66/823) developed aspiration pneumonia that may have been associated 
with emergency intubation [5]. A large study from a single center in Japan showed that the incidence of aspiration pneumonia in 
elderly patients (aged >70) was 67.2 per 10,000 people from 2010 to 2015, and the mortality rate was 13.6% [6]. A retrospective 
study including patients with an average age of 78 in a single center in South Korea showed that the 1-year, 3-year and 5-year 
mortality rates of patients with aspiration pneumonia were 49.0%, 67.1% and 76.9%, respectively [7]. Even when the data are 
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corrected, the case fatality rate of aspiration pneumonia is still higher than that of other forms of pneumonia [7]. Therefore, the 
prevention of aspiration pneumonia is particularly important. 

Conventional measures to prevent aspiration pneumonia include: elevation of the head of the bed, good oral care, swallowing 
function assessment and training, comprehensive rehabilitation, nasogastric feeding, improvement of gastric emptying function, 
and monitoring of gastric residual volume [8]. Given the pathophysiology of aspiration pneumonia and infection caused by 
aspiration, the application of antibiotics before endotracheal intubation can be regarded as a preventive strategy. In the Expert 
Advice on the Diagnosis and Treatment of Aspiration Pneumonia in Adults, the preventive measures for aspiration pneumonia are 
recommended as ‘antibiotic treatment for 24 hours after emergency intubation in coma patients’ [9].

Previous studies have shown that the incidence of anaerobic bacterial infection in aspiration pneumonia cases is not high 
[10]. Primarily enterobacteria, Haemophilus influenzae, Streptococcus pneumoniae, and Staphylococcus aureus were isolated 
from community-acquired cases, while gram-negative bacilli, such as Pseudomonas aeruginosa, were isolated from hospital-
acquired cases. Only one case of ventilator associated pneumonia was anaerobe infection [11]. El Solh et al. found that the most 
common post-stroke pneumonia pathogens were gram-negative bacilli (49%), anaerobic bacteria (16%), and S. aureus (12%); 
the gram-negative bacilli found were predominantly Klebsiella pneumoniae and Escherichia coli [12]. Another study included the 
distribution characteristics of respiratory pathogenic bacteria introduced by endotracheal intubation in 588 patients with ICH. 
They found that 314 cases had nosocomial respiratory infections, and the infection rate was 53.40%. Over three years, a total of 
2808 strains were cultured, including 422 gram-positive bacteria (15.03%). There were 1854 strains (66.03%) of gram-negative 
bacteria, 527 strains (18.95%) of Candida and five strains (0.18%) of others [13]. 

Ceftriaxone is a semi-synthetic third-generation cephalosporin which has strong antibacterial activity against most gram-positive 
and -negative bacteria, including P. aeruginosa, Escherichia coli, Bacillus pneumoniae, H. influenzae, aeroenteric bacteria, and 
Proteus [14]. Given the characteristics of pneumonia pathogens in patients with aspiration pneumonia and ICH, ceftriaxone can be 
used as an effective option to prevent and treat aspiration pneumonia [15].

The aim of this study is to investigate whether a single dose of ceftriaxone during endotracheal intubation can reduce the 
incidence of pneumonia within 48 hours in patients with cerebral hemorrhage, and to provide a basis for the prevention of 
aspiration pneumonia in patients with cerebral hemorrhage.

METHODS AND ANALYSIS

This is a prospective, randomized, controlled, double-blind clinical study, which was reviewed by the ethics committee of Dong 
E Hospital. All methods will be performed in accordance with the relevant guidelines and regulations. Written informed consent 
will be obtained from the guardians of all patients and registered in the Chinese Clinical Trial Registry (Registration number: 
ChiCTR2200066837). All methods were reported according to Consolidated Standards of Reporting Trials (CONSORT) [16].

Study design

Patients with ICH undergoing endotracheal intubation in Dong E Hospital of Shandong Province from April 2023 to April 2024 will 
be included. Inclusion criteria are: (1) age > 18 years; (2) ICH due to various causes; (3) endotracheal intubation; and (4) subjects 
understood and signed the informed consent. The following patients will be excluded from this study: (1) pneumonia occurred 
before endotracheal intubation; (2) aspiration occurred before endotracheal intubation (e.g., aspiration that is considered 
possible clinically, such as epilepsy; prehospital vomiting; vomit on the patient's clothing; or vomit visible in the oropharynx 
at the beginning of intubation attempts); (3) received antibiotics before endotracheal intubation; (4) received other antibiotics 
within 48 hours after enrollment (especially before diagnosis of aspiration pneumonia); (5) patients who died within 48 hours 
after endotracheal intubation without aspiration pneumonia; (6) allergic history to cephalosporin antibiotics; and (7) drinking 
history within one week before endotracheal intubation, as the use of cephalosporin after drinking alcohol can cause a disulfiram 
reaction. Of note, patients with COPD will not be excluded from the study. Schedule of enrolment, interventions, and assessments 
are shown in Figure 1.A simplified schematic of the trial design is shown in Figure 2. 

Intervention
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Subjects will be randomly assigned 1:1 to the ceftriaxone intervention group or the control group after signing informed consent 
on a computer-generated randomization table generated by an investigator not involved in the clinical trial. Patients who meet 
the inclusion criteria will undergo endotracheal intubation routinely according to the operating specifications of our unit. Patients 
in the intervention group will be given 100mL 0.9% sodium chloride with 2g ceftriaxone sodium intravenously over the course of 
one hour within two hours after endotracheal intubation. Patients in the control group will receive 100 mL 0.9% sodium chloride 
injection intravenously over the course of one hour within two hours after endotracheal intubation. Other treatment measures 
after endotracheal intubation (ie: prevention of aspiration, withdrawal of mechanical ventilation) are the same as conventional 
treatment. Neither the investigators nor the patients will be aware of the group assignments during the study. Open label is 
allowed in case of serious adverse effects such as allergic reaction.

Data collection

Patient Characteristics

The general data of the patients will be collected, including gender, age, height, weight, BMI, comorbidities, Acute Physiology and 
Chronic Health Evaluation II (APACHE Ⅱ ) score, Sequential Organ Failure Assessment (SOFA) score, history of medication allergy, 
diagnosis, smoking history, drinking history, bed rest history, chest radiograph or chest CT manifestations before endotracheal 
intubation, laboratory test results (white blood cell count, neutrophil ratio, C-reactive protein and procalcitonin), body 
temperature, cause of ICH, time of onset of aspiration pneumonia after enrollment, duration of mechanical ventilation, length of 
ICU stay, length of hospital stay, and 28-day survival.

Intubation Characteristics

Intubation characteristics will be collected, including whether vomiting occurred before endotracheal intubation; whether obvious 
aspiration occurred before endotracheal intubation; whether aspiration occurred during endotracheal intubation; whether 
mechanically ventilated; endotracheal intubation time; endotracheal intubation type; whether analgesic and sedative drugs were 
used before intubation; whether intubation was difficult; whether repeated intubation attempts were necessary.

Antibiotic Characteristics

Antibiotic characteristics will be collected, including time of administration, antibiotic type, dose, frequency, and days of antibiotic 
use after enrollment; sputum or broncho alveolar lavage fluid (BALF) culture results during endotracheal intubation and sputum 
or BALF culture results during aspiration pneumonia.

Research outcomes

The primary outcome is the incidence of aspiration pneumonia within 48 hours after endotracheal intubation. Aspiration 
pneumonia is defined the presence of new or advanced infiltrating shadows, consolidation shadow, or ground glass shadow 
on chest X-ray or CT in patients without a diagnosis of community-acquired pneumonia, healthcare-associated pneumonia, or 
aspiration pneumonia, combined with two or more of the following clinical symptoms: (1) fever, body temperature >38 ° C; (2) 
purulent airway discharge; (3) white blood cell count >10 ×10 ^ 9 / L or<4×10^9/L.

The intensity of antimicrobial use is defined as:
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Adverse event monitoring

Patients with a history of allergy to cephalosporins will be excluded to avoid allergic reactions to the drugs. Allergic reactions 
include high fever, rash, pruritus, dyspnea, laryngeal edema, and anaphylactic shock. Once allergy occurs, the drug will be 
stopped immediately, and epinephrine or appropriate first aid measures (e.g., airway management, intravenous rehydration, 
antihistamines, corticosteroids, vasoactive drugs) will be given to patients with severe acute hypersensitivity reaction according to 
clinical indications. Serious adverse reactions will be reported to the Ethics Committee immediately.

Sample size calculation

A total of 50 patients will be included in the preliminary study. For the preliminary results, the incidence of pneumonia within 48 
hours after endotracheal intubation will be obtained in the two groups. The sample size estimation formula for the comparison 
of two sample rates will be used to estimate the sample size; the test level α was set at 0.05, and the type Ⅱ error probability β 
was set at 0.2. The patients will be distributed according to 1:1 randomization, and the two-sided test will be used to calculate the 
required sample size.

Statistical analysis

SPSS 20.0 will be used for statistical analysis. Statistical descriptions of general data included the frequency and percentage 
of count data such as gender and disease diagnosis, and chi-square test or Fisher's exact probability method will be used for 
statistical analysis. Furthermore, the data will be described statistically with mean and standard deviation or median and quartile 
depending on the distribution. Age, APACHE Ⅱ score, SOFA score, BMI, length of stay in ICU, length of hospital stay, and duration 
of mechanical ventilation will be statistically described by mean ± standard deviation or quartile, and analyzed by independent 
sample t-test or Mann-Whitney U rank sum test. The incidence of pneumonia within 48 hours of tracheal intubation and 28-day 
mortality will be statistically described by frequency and percentage. The significance level of all the above statistical tests is 
P ≤ 0.05.

DISCUSSION

This is a prospective, randomized, controlled, double-blind clinical study to compare the effect of a single dose of ceftriaxone 
during endotracheal intubation on the incidence of aspiration pneumonia within 48 hours after endotracheal intubation in 
patients with ICH. To the best of our knowledge, this is the first clinical study of ceftriaxone to prevent the development of 
aspiration pneumonia in patients with ICH hemorrhage undergoing endotracheal intubation.

Aspiration pneumonia is a pulmonary inflammation caused by the inhalation of oropharyngeal secretions, gastric contents, or 
other exogenous foreign bodies into the lower respiratory tract [4]. One type of aspiration pneumonia is chemical inflammation 
caused by direct damage to lung tissue caused by inhalation of gastric contents; another type is pulmonary atelectasis and 
inflammation caused by inhalation of obstructive substances; and the third type is bacterial pneumonia caused by inhalation 
of oral secretions containing colonized bacteria, which is the most common clinical type and can be fatal in severe cases [17]. 
Patients with ICH often experience disturbance of consciousness and require endotracheal intubation, and these patients are 
typically in a non-fasting state. During intubation, analgesic and sedative drugs are administered and the glottis is exposed, 
allowing oral secretions to easily to enter the lower respiratory tract and cause aspiration pneumonia [18, 19]. 

A prospective study of emergency endotracheal intubation in the emergency department by Drive et al. [5] showed that 8% of 
patients developed aspiration pneumonia that could be associated with emergency endotracheal intubation. The number of 
intubation attempts did affect the occurrence of aspiration pneumonia. Aspiration pneumonia is commonly acute, with symptoms 
occurring within hours to days. Pneumonia caused by inhalation of anaerobic bacteria may be subacute because of the low 
virulence of the bacteria, but its clinical features are difficult to distinguish from other bacterial pneumonitis [20]. Studies have 
shown that the expected mortality of patients with aspiration pneumonia is higher than that of patients with other forms of 
pneumonia [21].

A recent study on oral microecology found 103 species of bacteria in the mouth of patients with acute stroke; 29 of these were 
previously unreported bacteria of which the pathogenicity is still unknown [22]. Previous studies have shown that aspiration 
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pneumonia is often due to infection with gram-negative bacteria (e.g., E. coli, K. pneumoniae, P. aeruginosa) and S. aureus [9, 17], 
and antibiotics used prophylactically should target these pathogens. Ceftriaxone, which is effective against both gram-positive 
and gram-negative bacteria, was found to be an effective agent for the prevention of bacterial aspiration pneumonia in intubated 
ICH patients.

In a study evaluating the risk factors for pneumonia within 48 hours after intubation, Rello et al. [23] found that patients with 
respiratory/cardiac arrest and coma had the highest incidence of pneumonia in the first 48 hours. Antibiotic use during this period 
reduced the incidence of pneumonia, while other preventive measures such as subglottic suction were ineffective. Sirvent et al. 
[24] conducted a randomized trial to evaluate the effectiveness of two doses of cefuroxime administered within 24 hours after 
intubation in reducing the incidence of early-onset ventilator-associated pneumonia (VAP) in patients with closed head injury 
(Glasgow Coma Scale score < 12). A retrospective cohort study by Vlad Dragan et al. [25] reached a different conclusion, finding 
instead that prophylactic antimicrobial therapy in patients with acute aspiration pneumonia does not provide clinical benefit, 
has no effect on mortality improvement, and may generate antibiotic selection pressure and increase the number of days of 
subsequent antibiotic treatment. In these cases, however, antibiotic use may be more akin to short-term treatment than true 
prevention, and long-term antibiotic use may increase the risk of subsequent infection by resistant microorganisms. For this 
reason, we decided to use a single dose of an antibiotic which has a long half-life and is effective against the main pathogens 
responsible for most endotracheal intubation-induced aspiration pneumonia. 

A previous similar study by Valles et al. [26] showed that a single dose of antibiotics significantly reduced the incidence of VAP in 
mechanically ventilated comatose patients. It also reduced mechanical ventilation and ICU length of stay, and had no effect on 
mortality or the incidence of multidrug-resistant microbial infections. However, this was a non-randomized study, and there was 
bias in the selection of patients in the control group. The incidence of chronic obstructive pulmonary disease  in the control group 
was higher, which resulted in a greater degree of airway pathogen colonization before intubation, and more patients requiring 
neurosurgical intervention were included in the control group.

Further prospective randomized controlled studies are necessary to explore whether a dose of ceftriaxone before endotracheal 
intubation can reduce the incidence of aspiration pneumonia in patients with ICH, so as to provide an option for the prevention of 
pneumonia in these patients. 

Our study has some limitations. First, this study will be conducted in a single center and will include a small sample size, which 
may limit the broader applicability of our findings. Second, the definition of aspiration pneumonia may inadvertently include 
aspiration pneumonia before endotracheal intubation because we will exclude these patients on the basis of clinical speculation. 
Finally, it is difficult to distinguish between aspiration pneumonia and another type of pneumonia that develops within 48 hours 
of endotracheal intubation.

Trial status 

At the time of manuscript submission, the study is in the preparation phase for recruitment. This is the first version of the protocol 
completed on September 30, 2022. Recruitment is scheduled to begin in April 2023 and expected to be completed by April 2024.

Figure captions

Figure 1. Schedule of enrolment, interventions, and assessments

Figure 2. Simplified schematic of the trial design
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Effects of Early Pulmonary Rehabilitation Training on Ventilator-Induced 
Diaphragmatic Dysfunction in ICU Mechanically Ventilated Patients

Abstract

Objective: To investigate the preventive effects of early pulmonary rehabilitation training on ventilator-induced diaphragmatic 
dysfunction (VIDD) in ICU mechanically ventilated patients and its impact on clinical outcomes.

Methods: A prospective randomized controlled trial was conducted. A total of 82 mechanically ventilated patients admitted to the 
intensive care unit of a tertiary hospital from January 2025 to December 2025 were enrolled and randomly assigned to either the 
experimental group (n=41) or the control group (n=41) using a random number table. The control group received routine ICU care 
and an early mobilization protocol, while the experimental group received systematic early pulmonary rehabilitation training in 
addition to the control protocol. Ultimately, 75 patients completed the study. Diaphragm excursion (DE), diaphragmatic thickening 
fraction (DTF), maximum inspiratory pressure (MIP), duration of mechanical ventilation, ICU length of stay, incidence of VIDD, and 
adverse events were compared between the two groups.

Results: On day 5 and day 7 of the intervention, DE and DTF in the experimental group were significantly higher than those in the 
control group (P<0.05). MIP on day 7 was significantly higher in the experimental group than in the control group (P<0.001). The 
experimental group had significantly shorter durations of mechanical ventilation (6.2±2.1 days vs. 8.7±3.4 days) and ICU stays 
(9.5±3.2 days vs. 12.8±4.6 days) compared to the control group (P<0.001). The incidence of VIDD was significantly lower in the 
experimental group (15.8%, 6/38) than in the control group (40.5%, 15/37; P=0.017). No significant difference was found in the 
incidence of adverse events between the two groups (P>0.05).

Conclusion: Early pulmonary rehabilitation training effectively improves diaphragmatic function, reduces the incidence of VIDD, 
shortens the duration of mechanical ventilation and ICU length of stay in mechanically ventilated patients, and demonstrates 
good safety.

Keywords: Pulmonary rehabilitation; Mechanical ventilation; Ventilator-induced diaphragmatic dysfunction; Diaphragmatic 
ultrasound; Intensive care

1. Introduction

Mechanical ventilation (MV) is a core life-support technology in intensive care units (ICUs), with approximately 30%–88% of 
critically ill patients requiring MV. However, while MV saves lives, it places the diaphragm in a partial or complete unloading state, 
leading to decreased diaphragmatic tension, muscle fiber atrophy, and contractile dysfunction, known as ventilator-induced 
diaphragmatic dysfunction (VIDD) [1]. Studies indicate that the incidence of VIDD ranges from 60% to 80%, and 33% of patients 
with VIDD fail to fully recover diaphragmatic function after rehabilitation [2]. Evidence has confirmed that diaphragmatic atrophy 
and functional decline can occur within 24 hours after the initiation of MV, with atrophy progressing faster than in other skeletal 
muscles [3].

The pathophysiology of VIDD is complex, involving multiple molecular pathways such as mitochondrial oxidative stress, excessive 
activation of the ubiquitin-proteasome pathway, calpain and caspase-3-mediated proteolysis, and inhibition of protein synthesis 
[1,3]. VIDD not only severely affects the recovery of respiratory function but also leads to weaning difficulties, prolonged MV, 
extended ICU stays, increased medical costs, and even higher mortality [4]. Therefore, finding effective intervention strategies to 
prevent and improve VIDD has become a research hotspot in the field of critical care rehabilitation.

In recent years, pulmonary rehabilitation (PR), as a comprehensive non-pharmacological intervention, has received widespread 
attention for its application in ICU mechanically ventilated patients [5]. Studies have shown that early rehabilitation, including 
physical therapy, breathing training, and exercise training, can effectively prevent and improve respiratory muscle atrophy, 
enhance muscle strength, reduce in-hospital mortality, and improve overall prognosis [6-8]. However, high-quality randomized 
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controlled trials focusing on the preventive effects of early pulmonary rehabilitation centered on respiratory muscle training 
for VIDD remain limited, particularly in the ICU setting in China. Therefore, this prospective randomized controlled trial aims to 
investigate the protective effects of early pulmonary rehabilitation training on diaphragmatic function and its impact on clinical 
outcomes in ICU mechanically ventilated patients, providing evidence-based support for critical care nursing practice.

2. Methods

2.1 Participants

This prospective randomized controlled trial was conducted in the ICU of a tertiary hospital from January 2025 to December 2025. 
Inclusion criteria: (1) age ≥ 18 years; (2) undergoing invasive MV via orotracheal intubation or tracheostomy; (3) expected duration 
of MV ≥ 72 hours; (4) relatively stable hemodynamics upon ICU admission (mean arterial pressure ≥ 65 mmHg); (5) informed 
consent provided by the patient or a family member. Exclusion criteria: (1) history of neuromuscular disease or diaphragmatic 
paralysis before ICU admission; (2) previous diaphragmatic surgery; (3) conditions unsuitable for respiratory rehabilitation (e.g., 
cervical spine fracture, intracranial hypertension); (4) severe hemodynamic instability requiring high-dose vasoactive agents; (5) 
pregnancy; (6) terminal illness with expected survival <6 months. Elimination criteria: (1) MV duration <72 hours due to extubation 
or death; (2) transfer out of the ICU during the study period; (3) withdrawal of informed consent.

Sample size calculation: Using PASS 15.0, based on pre-trial results (VIDD incidence of approximately 18% in the experimental 
group and 42% in the control group), with α=0.05 (two-tailed), power 1-β=0.80, a 1:1 allocation, and accounting for a 15% dropout 
rate, 82 patients were required. A random number table generated by SPSS 26.0 was used by a statistician not involved in the 
intervention to randomly assign 82 patients to the experimental group (n=41) and control group (n=41). Allocation concealment 
was achieved using sealed envelopes. The study was approved by the hospital ethics committee (approval number: XM2025115).

2.2 Interventions

2.2.1 Control group  

The control group received routine ICU care and an early mobilization protocol, including: (1) basic care (vital sign monitoring, 
airway management, oral care); (2) passive/active range of motion exercises (twice daily, 15–20 min each) based on consciousness 
and muscle strength; (3) head-of-bed elevation to 30° –45° ; (4) suctioning as needed; (5) minimal sedation strategy.

2.2.2 Experimental group  

In addition to the control protocol, the experimental group received a 7-day systematic early pulmonary rehabilitation training 
program delivered by a trained critical care rehabilitation team (including one ICU head nurse, two ICU specialist nurses, and one 
respiratory therapist). All team members completed a 2-week standardized training program and passed assessments covering 
bedside diaphragmatic ultrasound, respiratory muscle training techniques, airway clearance techniques, early mobilization 
protocols, and safety monitoring.

(1) Bedside diaphragmatic ultrasound and individualized plan  

Within 24 hours of enrollment, a nurse trained in diaphragmatic ultrasound assessed baseline diaphragmatic function using a 
bedside ultrasound system (convex probe 2–5 MHz; linear probe 7–12 MHz), measuring DE and DTF. Based on the results, along 
with the patient’s consciousness level (RASS score), Medical Research Council score (MRC-Score), and hemodynamic status, the 
rehabilitation team developed an individualized pulmonary rehabilitation plan specifying training methods, intensity, frequency, 
and progression criteria.

(2) Progressive respiratory muscle training  

Passive stimulation phase (for RASS -3 to -1 or unable to cooperate): Patients in semi-recumbent position (head-of-bed 30° –45° ) 
received passive respiratory muscle stimulation by adjusting ventilator trigger sensitivity (initial setting -3 cmH2O, decreased by 
0.5–1 cmH2O every 24 hours to a target of -1 cmH2O, twice daily, 15 min each) [9-10].  

Active training phase (for RASS -1 to +1 able to follow commands): Included diaphragmatic breathing [11], deep breathing 
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exercises [12], and threshold inspiratory muscle training (initial load at 30% of MIP, 10–15 breaths per session, twice daily, with 
load increased by 5%–10% weekly up to 50% of MIP, Borg dyspnea score ≤ 5) [13]. Each session lasted 15–20 min with at least 4 
hours between sessions.

(3) Effective coughing and airway clearance training  

For conscious patients (RASS -1 to +1) able to follow commands: effective coughing training (deep inspiration – 2-second breath 
hold – forceful cough) and active cycle of breathing technique (ACBT) [14-15]. Manual chest compression was applied if needed.

(4) Early progressive positioning management  

Daily positioning level determined by the ICU mobility scale (IMS): IMS 0–1: passive repositioning and range of motion; IMS 2–3: 
additional semi-recumbent active maintenance; IMS 4–5: transition to sitting at the bedside; IMS 6–7: standing or sitting in a chair 
[16].

(5) Dynamic diaphragmatic ultrasound monitoring and adjustment  

DE and DTF were assessed at days 1, 3, 5, and 7 by the same trained nurse. Training intensity was adjusted based on diaphragmatic 
function trends (increase load if DTF improved by ≥ 5%; maintain if DTF decreased by ≥ 10% or no improvement; initiate 
enhanced stimulation if DTF <20% for >72 hours).

(6) Safety stopping criteria  

Training was immediately stopped if any of the following occurred: heart rate >140/min or <40/min; new arrhythmias; systolic 
blood pressure >180 mmHg or <85 mmHg, or fluctuation >20% from baseline; SpO2 <88% or >5% drop from baseline; respiratory 
rate >35/min; overt patient intolerance.

2.3 Outcome Measures

2.3.1 Primary outcome  

VIDD incidence, defined as DTF <20% combined with DE <10 mm (during quiet breathing) [14], assessed on day 7.

2.3.2 Secondary outcomes  

(1) Diaphragmatic ultrasound parameters (DE and DTF) measured on days 1, 3, 5, and 7 [9].  

(2) Maximum inspiratory pressure (MIP) measured on days 1 and 7 [4].  

(3) Clinical outcomes: duration of mechanical ventilation (from intubation to successful extubation with spontaneous breathing 
≥ 48 hours) and ICU length of stay.  

(4) Adverse events: unplanned extubation, catheter displacement, falls, severe arrhythmias, and marked blood pressure 
fluctuations.

2.4 Statistical Analysis

SPSS 26.0 was used. The per-protocol (PP) set was used for primary efficacy analysis. Normally distributed continuous data were 
expressed as mean ± standard deviation (x̄±s) and compared using independent samples t-test or repeated measures ANOVA. 
Non-normally distributed data were expressed as median (IQR) and compared using Mann-Whitney U test. Categorical data were 
expressed as frequencies and percentages and compared using χ² test or Fisher’s exact test. P<0.05 was considered statistically 
significant.

3. Results

3.1 Baseline Characteristics

Of the 82 enrolled patients, 75 completed the study (38 in the experimental group, 37 in the control group). No significant 
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differences were found between the two groups in age, sex, BMI, APACHE II score, primary diagnosis, or PaO2/FiO2 ratio at ICU 
admission (P>0.05), indicating comparability 

3.2 Diaphragmatic Ultrasound Indicators

On days 5 and 7, DE and DTF in the experimental group were significantly higher than those in the control group (P<0.05). 
Repeated measures ANOVA showed significant time, group, and interaction effects for both DE and DTF (P<0.001) (Table 1).

3.3 Maximum Inspiratory Pressure (MIP)

On day 7, MIP in the experimental group was significantly higher than that in the control group and significantly improved from 
day 1 (P<0.001), while no significant change was observed in the control group (P>0.05) (Table 2).

3.4 Clinical Outcomes and VIDD Incidence

The experimental group had significantly shorter duration of MV (6.2±2.1 vs. 8.7±3.4 days, P<0.001) and ICU length of stay 
(9.5±3.2 vs. 12.8±4.6 days, P<0.001). VIDD incidence was significantly lower in the experimental group (15.8% vs. 40.5%, P=0.017) 
(Table 3).

3.5 Adverse Events

In the experimental group, transient blood pressure fluctuations (3 cases, 7.9%) and tachycardia (2 cases, 5.3%) occurred, all 
resolving after pausing or reducing training intensity. No severe adverse events (unplanned extubation, catheter displacement, 
falls) occurred. No significant difference in total adverse events was found between the two groups (P=0.673).

4. Discussion

This study demonstrates that early pulmonary rehabilitation training effectively protects diaphragmatic function in ICU 
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mechanically ventilated patients, as evidenced by significantly higher DE and DTF in the experimental group compared to 
the control group (P<0.05). These findings are consistent with previous studies showing that early pulmonary rehabilitation 
combined with bundled nursing care improves diaphragmatic excursion [6], and that inspiratory muscle training significantly 
enhances diaphragmatic excursion in mechanically ventilated patients [2,4]. Notably, diaphragmatic function in the control 
group progressively declined on days 5 and 7, confirming the pathophysiological effect of MV-induced diaphragmatic unloading 
and atrophy [1,3]. In contrast, the experimental group showed no decline but rather an improvement in diaphragmatic function, 
suggesting that early pulmonary rehabilitation effectively counteracts the adverse effects of MV on the diaphragm [17].

The VIDD incidence in the experimental group (15.8%) was significantly lower than that in the control group (40.5%), and both 
MV duration and ICU length of stay were significantly shortened. Given that reported VIDD incidence can reach 60%–80% [2], 
and VIDD-related weaning difficulties increase complications, costs, and mortality[1,4], the comprehensive and phased nature of 
our intervention—integrating respiratory muscle training, airway clearance techniques, and early progressive positioning with 
ultrasound-based dynamic adjustment—likely contributed to its success. This reflects a closed-loop management concept of 
“assessment–intervention–reassessment” [18].

Safety is a primary concern when implementing early rehabilitation in ICU patients with critical illness, multiple catheters, and 
hemodynamic instability [19-20]. Consistent with prior studies [4-5], the experimental group in our study experienced only 
minor, transient adverse events (blood pressure fluctuations, tachycardia) that resolved quickly, with no increase in serious 
adverse events compared to the control group. These results confirm that early pulmonary rehabilitation training can be safely 
implemented in ICU mechanically ventilated patients under close monitoring and standardized management.

5. Conclusion

Early pulmonary rehabilitation training effectively improves diaphragmatic function, reduces the incidence of VIDD, shortens the 
duration of mechanical ventilation and ICU length of stay in ICU mechanically ventilated patients, and demonstrates good safety. 
We recommend that individualized early pulmonary rehabilitation training based on bedside ultrasound assessment be routinely 
implemented for mechanically ventilated patients in ICU clinical nursing practice to protect diaphragmatic function and improve 
patient outcomes.
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Effects of positive end expiratory pressure on brain lung interaction in severe 
acute brain injury patients with moderate to severe acute respiratory distress 
syndrome: the role of lung recruitability

类别 :// 临床研究：设计规范的各类临床研究及研究方案报告

The effect of positive end expiratory pressure (PEEP) on brain lung interaction in severe acute brain injury (ABI) patients with acute 
respiratory distress syndrome (ARDS) is not fully elucidated. To investigate the relationship between lung recruitability and the 
effect of PEEP on brain lung interaction in patients with severe ABI and ARDS.

A prospective study investigated 9 severe ABI patients with moderate to severe ARDS. PEEP was respectively set according to 
ARDSnet protocol (low PEEP level) and Express study protocol (high PEEP level). Respiratory mechanics, hemodynamics, arterial 
blood gases values, lung recruitment (lung ultrasound, LUS, 12 region LUS scores), transcranial doppler (TCD, measuring the 
bilateral middle cerebral artery (MCA) flow velocity), estimated intracranial pressure (eICP) using TCD data, non-invasive cerebral 
perfusion pressure (nCPP), and brain regional saturation in oxygen (rSO2 measured by Near-infrared spectroscopy) were recorded 
at two PEEP levels. Patients were divided into high or low recruiter depending on whether recruitment-to-inflation ratio (R/I ratio) 
was higher/lower than 0.5. The study was registered at chictr.org.cn (ChiCTR2000037804).

9 patients were high recruiter (R/I ratio, 0.71±0.14) and 8 patients were low recruiter (R/I ratio, 0.39±0.05). In low recruiters, 
compared with low PEEP (10±0cmH2O), PaO2/FiO2, dead space, LUS score, rSO2 did not improve, eICP, nCPP and MCA flow 
velocity worsened at high PEEP (16±1cmH2O). In high recruiters, compared with low PEEP (11±1cmH2O), PaO2/FiO2, dead 
space, LUS score improved, rSO2, eICP, nCPP and MCA flow velocity did not deteriorate at high PEEP (17±1cmH2O). However, the 
relationships were not found between R/I ratio and changes in eICP and nCPP.

Lung recruitability may take part in the effect of PEEP on brain lung interaction in severe ABI with moderate to severe ARDS. In 
high recruiters, high PEEP may have both lung and brain protection. In severe ABI patients with moderate-to-severe ARDS, lung 
recruitability had significant effects of PEEP on brain lung interaction. In high recruiter, high PEEP exerted both lung and brain 
protection which were not shown in low recruiter.
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Empiric Extended Anaerobic Coverage Is Associated with Ecological Infectious 
Harm but No Survival Benefit in Sepsis Patients at Low Risk for Anaerobic 
Infection: A Retrospective Cohort Study

Early broad-spectrum antibiotic therapy is essential in sepsis, but empiric regimens frequently include anaerobic activity even 
when the clinical phenotype suggests low anaerobic infection risk. Whether this practice improves survival or mainly causes 
downstream ecological harm remains uncertain. We examined the clinical and ecological consequences of empiric extended 
anaerobic coverage in critically ill adults with sepsis and low apparent risk for anaerobic infection, with particular attention to the 
impact of 72-hour reassessment and de-escalation.

This is a retrospective cohort study using the Medical Information Mart for Intensive Care IV 3.1 database. Adult intensive care unit 
patients meeting Sepsis-3 criteria and receiving intravenous antibiotics within 24 hours of suspected infection were included. 
Patients with high-risk anaerobic infection syndromes, baseline Clostridioides difficile infection, or predefined strict anaerobic 
organisms at baseline were excluded. Empiric extended anaerobic coverage was defined as receipt of anaerobic-active antibiotics 
within 24 hours. The primary outcome was 28-day all-cause mortality. Secondary outcomes included Clostridioides difficile 
infection, fungal culture positivity, new secondary positive cultures, multidrug-resistant organism culture positivity, and a 
composite new infectious outcome. Propensity-score overlap weighting was used to balance baseline characteristics. A 72-hour 
landmark analysis compared limited or no anaerobic coverage, early de-escalation, and continuation beyond 72 hours.

Among 18,568 patients, 5,868 (31.6%) received empiric extended anaerobic coverage. After overlap weighting, extended anaerobic 
coverage was not associated with lower 28-day mortality (hazard ratio [HR], 1.00; 95% CI, 0.93–1.08, P=0.994). Extended coverage 
was associated with higher risks of Clostridioides difficile infection (risk ratio [RR], 1.51; 95% CI, 1.39-1.63, P<0.001), fungal culture 
positivity (RR, 1.14; 95% CI, 1.04-1.26, P=0.007), and the composite new infectious complication (RR, 1.22; 95% CI, 1.16-1.29, 
P<0.001). In the landmark analysis, de-escalation within 72 hours was not associated with excess mortality or infectious risk, 
whereas continuation beyond 72 hours was associated with greater ecological infectious burden without mortality benefit. 

In critically ill adults with sepsis but low apparent anaerobic infection risk, empiric extended anaerobic coverage did not improve 
survival and was associated with increased ecological infectious complications. These findings support a phenotype-guided, 72-
hour reassessment strategy to limit unnecessary anaerobic coverage and advance more precise antimicrobial stewardship in 
sepsis care.
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Empiric Extended Anaerobic Coverage Is Associated with Ecological Infectious 
Harm but No Survival Benefit in Sepsis Patients at Low Risk for Anaerobic 
Infection: A Retrospective Cohort Study

Abstract

Background: Maternal sepsis is a leading cause of obstetric morbidity and mortality worldwide. Acute respiratory distress 
syndrome (ARDS) is a frequent and lethal complication of sepsis in pregnancy, yet epidemiological data, pathogen profiles, and 
validated prediction tools specific to obstetric populations in low- and middle-income countries remain scarce. We aimed to 
characterise the epidemiology and pathogen distribution of maternal sepsis in the intensive care unit (ICU) and to develop a 
bedside clinical prediction model for ARDS among septic pregnant and postpartum women.

Methods: We conducted a retrospective cohort study of pregnant and postpartum women admitted to the ICU of a tertiary 
obstetric referral centre in southern China (Guangzhou Medical University Third Affiliated Hospital) between January 2013 and 
April 2019. Sepsis was defined according to the Sepsis-3.0 criteria (infection + Sequential Organ Failure Assessment [SOFA] score 
≥ 2). ARDS was diagnosed using the Berlin Definition (2012). Clinical characteristics, laboratory parameters, pathogen culture 
results, antimicrobial susceptibility profiles, and maternal–fetal outcomes were compared between groups. A multivariable logistic 
regression model was constructed to identify independent predictors of ARDS in septic patients, presented as a nomogram, and 
internally validated using receiver operating characteristic (ROC) curve analysis, calibration plots, and comparison with SOFA and 
APACHE II scores.

Results: Among 780 ICU admissions, 309 (39.6%) met sepsis criteria, of whom 138 (44.7%) developed ARDS. The in-hospital 
mortality was 6.1% for sepsis overall and 10.9% for sepsis-associated ARDS. Septic patients exhibited significantly higher illness 
severity, longer ICU stays, and greater healthcare costs than non-septic patients. Pathogen analysis in a contemporaneous cohort 
of 744 patients revealed that Acinetobacter baumannii (9.2%), Escherichia coli (7.1%), and Candida albicans (4.6%) were the most 
frequently isolated organisms among septic patients, with high rates of multidrug resistance (carbapenem-resistant A. baumannii 
and methicillin-resistant Staphylococcus aureus). Independent predictors of ARDS in septic patients included lower systolic blood 
pressure, higher heart rate, higher respiratory rate, lower partial pressure of oxygen, multiple organ dysfunction syndrome (MODS), 
invasive mechanical ventilation, continuous renal replacement therapy (CRRT), and vasoactive drug use. The resulting nomogram 
demonstrated excellent discrimination (area under the curve [AUC] 0.986, 95% confidence interval [CI] 0.978–0.996; sensitivity 
0.949, specificity 0.947), significantly outperforming SOFA (AUC 0.669) and APACHE II (AUC 0.597) (both P < 0.001). The calibration 
curve indicated good agreement between predicted and observed probabilities.

Conclusions: Maternal sepsis in this Chinese ICU was characterised by a high burden of ARDS, prolonged hospitalisation, and a 
distinct pathogen profile dominated by multidrug-resistant A. baumannii. The developed nomogram accurately predicted ARDS 
risk in septic obstetric patients and may serve as a simple bedside tool to facilitate early recognition and resource allocation. 
External validation in diverse obstetric ICUs is warranted before widespread clinical adoption.

Keywords: Maternal sepsis, ARDS, pregnancy, intensive care unit, prediction model, nomogram, antimicrobial resistance, 
obstetric critical care

1. Introduction

Sepsis during pregnancy and the puerperium remains a leading cause of maternal mortality and morbidity globally. The World 
Health Organization (WHO) estimates that infection accounts for approximately 10.7% of maternal deaths worldwide, with sepsis 
contributing substantially to this burden [1]. In China, sepsis is the primary indication for obstetric ICU admission, complicating up 
to 25% of critical maternal transfers [2]. Despite advances in critical care, maternal sepsis continues to carry significant mortality, 
particularly in low- and middle-income countries (LMICs) where diagnostic delays and antimicrobial resistance are prevalent [3].
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Acute respiratory distress syndrome (ARDS) is a devastating pulmonary complication of sepsis, occurring in up to 40% of septic 
patients in the general population and associated with substantially worse outcomes [4]. Pregnant and postpartum women are 
particularly vulnerable due to physiological adaptations including increased oxygen consumption, decreased functional residual 
capacity, and relative immunomodulation [5]. These changes not only increase the risk of respiratory failure but also mask early 
clinical deterioration, delaying diagnosis and intervention [6]. Current international guidelines, including the Surviving Sepsis 
Campaign (SSC) 2021 and the Society for Maternal-Fetal Medicine (SMFM) 2019 recommendations, emphasise early recognition 
and the "1-hour bundle"; however, they lack obstetric-specific tools for predicting ARDS progression [7, 8].

Epidemiological and pathogen data from obstetric ICUs in China remain limited. Existing studies from high-income countries 
report group B streptococcus and Escherichia coli as predominant pathogens [9], yet ICU-acquired infections in Chinese centres 
frequently involve multidrug-resistant organisms such as Acinetobacter baumannii and carbapenem-resistant Enterobacterales 
(CRE), reflecting differences in hospital-acquired infection ecology and antibiotic stewardship practices [10]. Understanding local 
pathogen distribution and resistance patterns is essential for guiding empirical antimicrobial therapy and infection prevention 
strategies.

Furthermore, while general severity scores such as SOFA and APACHE II are widely used in ICU prognostication, their predictive 
performance in pregnant populations is suboptimal due to physiological alterations in haemodynamic and respiratory parameters 
during gestation [11]. To date, no validated bedside tool specifically predicts ARDS risk among septic obstetric patients. Such a 
tool could enable risk stratification at the time of ICU admission, inform decisions regarding mechanical ventilation preparedness, 
and facilitate timely multidisciplinary management involving obstetrics, anaesthesia, and neonatology.

Therefore, this study had three primary objectives: (1) to describe the epidemiology and clinical characteristics of maternal 
sepsis in a Chinese tertiary obstetric ICU; (2) to characterise the pathogen profile and antimicrobial resistance patterns of septic 
obstetric patients; and (3) to develop and internally validate a clinical prediction model for ARDS specifically among pregnant and 
postpartum women with sepsis.

2. Methods

2.1 Study design and setting

This was a retrospective cohort study conducted at the Intensive Care Unit of the Third Affiliated Hospital of Guangzhou Medical 
University, a provincial and municipal tertiary referral centre for critically ill pregnant women in southern China. The ICU admits 
approximately 100–150 obstetric patients annually from Guangdong Province and neighbouring regions. The study comprised two 
overlapping patient cohorts extracted from the same electronic medical record database: a primary cohort of 780 pregnant and 
postpartum women admitted between January 2013 and April 2019 (used for ARDS prediction model development and clinical 
characterisation), and a contemporaneous cohort of 744 patients (used for detailed pathogen and antimicrobial susceptibility 
analysis).

2.2 Participants

Inclusion criteria: (1) pregnant or postpartum women (within 42 days of delivery or pregnancy termination) admitted to the ICU; (2) 
age ≥ 18 years; and (3) availability of complete electronic medical records.

Exclusion criteria: (1) non-pregnant/non-postpartum status; (2) ICU length of stay ≤ 24 hours; (3) incomplete clinical data; and (4) 
transfer from another ICU without primary data availability.

2.3 Definitions and diagnostic criteria

Sepsis and septic shock were defined according to the Third International Consensus Definitions for Sepsis and Septic Shock 
(Sepsis-3.0): sepsis was identified as infection with a SOFA score ≥ 2; septic shock was defined as sepsis with persisting 
hypotension requiring vasopressors to maintain mean arterial pressure (MAP) ≥ 65 mmHg and serum lactate >2 mmol/L despite 
adequate fluid resuscitation [12].

ARDS was diagnosed using the Berlin Definition (2012): acute onset within 7 days of a known clinical insult; bilateral opacities on 
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chest imaging not fully explained by effusions, lobar/lung collapse, or nodules; respiratory failure not fully explained by cardiac 
failure or fluid overload; and impaired oxygenation categorised as mild (200 mmHg < PaO2/FiO2 ≤ 300 mmHg), moderate (100 
mmHg < PaO2/FiO2 ≤ 200 mmHg), or severe (PaO2/FiO2 ≤ 100 mmHg) with positive end-expiratory pressure (PEEP) ≥ 5 cmH2O [13].

Multiple organ dysfunction syndrome (MODS) was defined as the simultaneous or sequential dysfunction of two or more organ 
systems in response to an acute insult [14].

Pathogen identification was performed using standard microbiological cultures from blood, sputum, urine, vaginal secretions, 
and other clinically relevant sites. Antimicrobial susceptibility testing followed Clinical and Laboratory Standards Institute (CLSI) 
guidelines.

2.4 Data collection

Clinical data were extracted from the hospital electronic medical record system, laboratory information system, and microbiology 
database by trained researchers using a standardised case report form. Variables included:

(1)General characteristics: age, gestational age, gravidity, parity, body mass index (BMI), mode of ICU admission (emergency, 
intra-hospital, inter-hospital transfer), and underlying comorbidities.

(2)Clinical parameters: vital signs (temperature, heart rate, respiratory rate, blood pressure, MAP), Glasgow Coma Scale (GCS), 
and illness severity scores (SOFA, APACHE II) within 24 hours of ICU admission.

(3)Laboratory investigations: complete blood count, procalcitonin (PCT), C-reactive protein (CRP), serum lactate, creatinine, 
blood urea nitrogen (BUN), total bilirubin, alanine aminotransferase, albumin, coagulation profile (prothrombin time [PT], 
activated partial thromboplastin time [APTT], international normalised ratio [INR]), and arterial blood gas analysis.

(5)Microbiological data: culture sites, isolated organisms, and antimicrobial susceptibility profiles.

(6)Treatment modalities: mechanical ventilation (invasive/non-invasive), vasoactive agents, blood transfusion, anticoagulation, 
continuous renal replacement therapy (CRRT), and empirical antibiotic regimens.

(7)Outcomes: ICU length of stay, total hospital length of stay, total hospitalisation costs, maternal in-hospital mortality, and 
pregnancy outcomes (abortion, preterm delivery, term delivery, stillbirth).

2.5 Statistical analysis

Data were analysed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA) and R software version 4.3.1 (R Foundation for Statistical 
Computing, Vienna, Austria). Continuous variables were tested for normality using the Shapiro-Wilk test. Normally distributed data 
were expressed as mean ± standard deviation (SD) and compared using independent samples t-tests. Non-normally distributed 
data were presented as median (interquartile range [IQR]) and compared using the Mann-Whitney U test. Categorical variables 
were expressed as frequencies (percentages) and compared using the chi-squared test or Fisher's exact test, as appropriate.

To identify independent predictors of ARDS among septic patients, variables with P < 0.05 in univariate analysis were entered into 
a multivariable logistic regression model using backward stepwise selection (likelihood ratio). Collinearity was assessed using 
the variance inflation factor (VIF), with VIF > 10 indicating significant multicollinearity. A nomogram was constructed based on the 
final regression coefficients to provide a visual bedside prediction tool.

Model discrimination was evaluated using the area under the receiver operating characteristic curve (AUC-ROC) with 95% 
confidence intervals (CI). Model calibration was assessed using the Hosmer-Lemeshow goodness-of-fit test and calibration plots. 
The net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were calculated to quantify the 
incremental predictive value of the new model compared with SOFA and APACHE II. Internal validation was performed using 1000 
bootstrap resamples to estimate optimism-corrected performance.

A two-sided P value < 0.05 was considered statistically significant.

3. Results
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3.1 Epidemiology and baseline characteristics

Between January 2013 and April 2019, 780 pregnant and postpartum women were admitted to the ICU. Of these, 309 (39.6%) met 
Sepsis-3.0 criteria. Among septic patients, 126 (40.8%) progressed to septic shock, and 19 (6.1%) died during hospitalisation. The 
overall ARDS rate was 32.9% (257/780); among septic patients, 138 (44.7%) developed ARDS, while 119 (15.3%) of the 471 non-
septic patients met ARDS criteria (primarily due to obstetric haemorrhage, amniotic fluid embolism, or preeclampsia).

Septic patients were significantly younger (median age 29.5 vs. 30.0 years, P = 0.483), presented with higher illness severity (SOFA 
score 8.2 vs. 5.0, P < 0.001), and required more intensive organ support than non-septic patients. Septic patients had higher rates 
of invasive mechanical ventilation (65.1% vs. 35.5%), blood transfusion (61.6% vs. 28.2%), vasopressor use (43.4% vs. 16.3%), and 
CRRT (40.9% vs. 9.7%) (all P < 0.001). Hospitalisation costs and lengths of stay were also significantly greater in the sepsis group 
(Table 1).

3.2 Pathogen distribution and antimicrobial resistance

In the contemporaneous cohort of 744 patients, 648 (87.1%) had microbiological specimens collected. Among 279 septic patients, 
273 (97.8%) were sampled, yielding 204 positive cultures (74.7%). A total of 435 pathogen isolates were identified from septic 
patients. The six most common organisms were Acinetobacter baumannii (40 isolates, 9.2%), Escherichia coli (31 isolates, 7.1%), 
Candida albicans (20 isolates, 4.6%), Staphylococcus aureus (19 isolates, 4.4%), Enterococcus faecium (15 isolates, 3.4%), and 
Klebsiella pneumoniae (13 isolates, 3.0%). Notably, 31 methicillin-resistant S. aureus (MRSA) strains (7.1%), 28 ceftriaxone-
resistant gram-negative organisms (CTX-RO) (6.4%), and 4 carbapenem-resistant Enterobacterales (CRE) (0.9%) were identified.

The predominant infection sites were the respiratory system (83/279, 29.8%) and genital/reproductive tract (79/279, 28.3%). A. 
baumannii was most frequently isolated from sputum (60.0%), whereas E. coli was predominantly recovered from blood (47.0%) 
and C. albicans from vaginal secretions (50.0%).

Antimicrobial susceptibility testing revealed that A. baumannii was extensively drug-resistant, with high resistance rates to 
carbapenems, aminoglycosides, fluoroquinolones, and most cephalosporins; only polymyxins, cefoperazone-sulbactam, and 
tigecycline retained high sensitivity. E. coli remained highly susceptible to carbapenems and amikacin but exhibited 75.0% 
resistance to ceftriaxone. Coagulase-negative staphylococci and E. faecium demonstrated variable resistance patterns, with 
preserved sensitivity to linezolid, tigecycline, and glycopeptides (Table 2).

Empirical antibiotic therapy in septic patients most commonly involved carbapenems (37.2%), followed by ceftriaxone (15.2%), 
latamoxef (15.0%), and first-/second-generation cephalosporins (9.5%).

3.3 Clinical characteristics of sepsis-associated ARDS

Among the 257 ARDS patients, those with sepsis-associated ARDS (n = 138) were more severely ill than non-septic ARDS patients 
(n = 119). Septic ARDS patients had higher rates of moderate-to-severe ARDS (76.8% vs. 61.3%, P < 0.001), greater requirement 
for invasive mechanical ventilation (72.5% vs. 49.6%, P < 0.001), longer ICU stays (median 7 vs. 4 days, P < 0.001), and higher in-
hospital mortality (10.9% vs. 3.4%, P = 0.022). However, pregnancy outcomes (abortion, preterm delivery, live birth, stillbirth) did 
not differ significantly between the two ARDS groups.

Within the septic cohort, ARDS patients (n = 138) exhibited more pronounced physiological derangement than non-ARDS septic 
patients (n = 171), including lower systolic blood pressure (102.2 ± 23.3 vs. 141.0 ± 23.4 mmHg), higher heart rate (126.2 ± 26.1 
vs. 85.3 ± 19.2 beats/min), faster respiratory rate (22.1 ± 7.3 vs. 16.7 ± 4.8 breaths/min), and lower PaO2 (94.0 vs. 122.0 mmHg) (all 
P < 0.001). They also had higher rates of MODS (79.7% vs. 22.8%), septic shock (52.2% vs. 31.6%), DIC (15.2% vs. 7.6%), and CRRT 
requirement (52.2% vs. 20.9%) (all P < 0.05) (Table 3).

3.4 Risk factors and prediction model for ARDS in septic patients

Univariate logistic regression identified 14 variables significantly associated with ARDS in septic patients. After multivariable 
adjustment, eight independent predictors remained: systolic blood pressure (OR 0.926, 95% CI 0.884–0.961, P < 0.001), heart rate 
(OR 1.069, 95% CI 1.041–1.013, P < 0.001), respiratory rate (OR 1.136, 95% CI 0.996–1.296, P = 0.048), PaO2 (OR 0.989, 95% CI 0.978–



0140     CCCC 2026

0.999, P = 0.031), MODS (OR 9.731, 95% CI 3.113–35.390, P < 0.001), invasive mechanical ventilation (OR 4.287, 95% CI 1.070–19.330, 
P = 0.046), CRRT (OR 4.744, 95% CI 1.204–21.380, P = 0.031), and vasoactive drug use (OR 0.059, 95% CI 0.004–0.613, P = 0.027).

A nomogram was constructed incorporating these eight variables (Figure 1). The model demonstrated excellent discrimination 
with an AUC of 0.986 (95% CI 0.978–0.996), sensitivity of 0.949, and specificity of 0.947. This significantly outperformed SOFA (AUC 
0.669, 95% CI 0.609–0.729) and APACHE II (AUC 0.597, 95% CI 0.533–0.660) (DeLong test, both P < 0.001). The calibration curve 
indicated good agreement between predicted and observed ARDS probabilities (Hosmer-Lemeshow test P = 0.834), and bootstrap 
validation confirmed robustness (optimism-corrected AUC 0.982). Decision curve analysis demonstrated positive net benefit 
across clinically relevant threshold probabilities (Figure 2).

4. Discussion

4.1 Principal findings

This study provides a comprehensive characterisation of maternal sepsis in a Chinese tertiary obstetric ICU, integrating 
epidemiological, pathogen, and predictive modelling data. Three principal findings emerge. First, maternal sepsis affected 
nearly 40% of obstetric ICU admissions and was associated with substantial organ dysfunction, prolonged hospitalisation, and 
considerable healthcare costs. Second, the pathogen profile was dominated by ICU-acquired multidrug-resistant organisms, 
particularly A. baumannii, contrasting with community-acquired profiles reported in Western obstetric populations. Third, we 
developed and internally validated a simple eight-variable nomogram that accurately predicted ARDS risk among septic obstetric 
patients, substantially outperforming generic severity scores.

4.2 Epidemiology in context

The observed sepsis incidence (39.6%) and mortality (6.1%) in this cohort are higher than those reported in many high-income 
countries but comparable to other Chinese and Indian ICU series [15, 16]. This likely reflects the referral pattern of our centre, 
which receives the most complex cases from across southern China, and the application of stringent Sepsis-3.0 criteria in a 
population with high baseline physiological reserve. The 44.7% ARDS rate among septic patients underscores the pulmonary 
vulnerability of pregnant women, likely mediated by the physiological reduction in functional residual capacity, increased oxygen 
consumption, and the pro-inflammatory milieu of sepsis [17].

Notably, pregnancy outcomes (preterm delivery, stillbirth) did not differ significantly between septic ARDS and non-ARDS patients, 
suggesting that timely obstetric intervention—particularly emergency caesarean section for fetal salvage—may mitigate some 
adverse fetal effects of maternal respiratory failure. However, this observation should be interpreted cautiously given the absence 
of long-term neonatal follow-up data.

4.3 Pathogen profile and antimicrobial implications

The predominance of A. baumannii and other ICU-acquired pathogens differs markedly from Western reports where group B 
streptococcus and community-acquired E. coli predominate [9]. This discrepancy highlights the importance of local epidemiology 
in guiding empirical therapy. The high rate of carbapenem resistance in A. baumannii and the frequent use of carbapenems as 
first-line empirical therapy (37.2%) raise significant antimicrobial stewardship concerns. While carbapenems remain appropriate 
for critically ill septic patients given their broad spectrum, the low CRE rate (0.9%) suggests that de-escalation to narrower agents 
(e.g., piperacillin-tazobactam or cefoperazone-sulbactam) should be pursued once susceptibilities return, in line with SSC 2021 
recommendations [7]. The high proportion of respiratory and genital tract infections also emphasises the need for rigorous 
infection prevention bundles, including ventilator-associated pneumonia prevention and peripartum antibiotic prophylaxis.

4.4 The prediction model: clinical utility and innovation

To our knowledge, this is the first nomogram specifically developed to predict ARDS risk among septic pregnant and postpartum 
women. Existing general ICU scores (SOFA, APACHE II) performed poorly in this population (AUC < 0.70), likely because they fail 
to account for pregnancy-specific physiological adaptations. For example, the relative "protective" effect of vasoactive drug use 
in our model (OR 0.059) may reflect earlier haemodynamic resuscitation in patients presenting with septic shock, preventing 
progression to ARDS—an effect obscured by generic scores.
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The eight variables included in the nomogram are readily available at the bedside within the first hours of ICU admission, requiring 
only vital signs, arterial blood gas, and awareness of organ support requirements. This facilitates real-time risk stratification 
without specialised biomarkers. In clinical practice, a septic obstetric patient with low blood pressure, tachycardia, tachypnoea, 
hypoxaemia, and evolving MODS could be identified within the first hour as having >80% predicted ARDS risk, prompting 
immediate preparation for invasive mechanical ventilation, lung-protective strategies, and multidisciplinary obstetric planning.

4.5 Strengths and limitations

Strengths include the relatively large obstetric ICU cohort, the application of contemporary Sepsis-3.0 and Berlin definitions, 
and the direct comparison with established severity scores. However, several limitations must be acknowledged. First, the 
retrospective design and single-centre setting introduce selection bias and limit generalisability. Second, the pathogen analysis 
was derived from a slightly smaller contemporaneous cohort (744 vs. 780 patients) due to database extraction timing; while both 
cohorts share the same centre and time period, unified data extraction would strengthen consistency. Third, the prediction model 
requires external validation in independent obstetric ICUs before clinical implementation. Fourth, we lacked long-term maternal 
and neonatal follow-up data beyond hospital discharge. Finally, the absence of viral and molecular diagnostics (e.g., metagenomic 
next-generation sequencing) may have underestimated viral or rare pathogen contributions.

4.6 Future directions

Future research should prioritise external validation of this nomogram in multi-centre prospective studies across diverse 
healthcare settings, particularly in LMICs with similar pathogen profiles. Integration of the model into electronic health record 
systems as a clinical decision support tool would facilitate bedside adoption. Additionally, studies examining the impact of model-
guided early intervention on ARDS incidence and maternal mortality are warranted. The inclusion of novel biomarkers (e.g., 
presepsin, sTREM-1) or machine learning approaches may further refine predictive accuracy.

5. Conclusions

Maternal sepsis in this Chinese ICU cohort was associated with a high incidence of ARDS, significant mortality, and a pathogen 
profile dominated by multidrug-resistant ICU-acquired organisms. The developed eight-variable nomogram accurately predicted 
ARDS among septic obstetric patients and outperformed generic severity scores. If externally validated, this tool could support 
early recognition, resource allocation, and improved maternal outcomes in obstetric critical care.
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Etiology-Specific Clinical Phenotypes and Outcomes in Patients Receiving 
Venoarterial Extracorporeal Membrane Oxygenation: A Nationwide Multicenter 
Cohort Study in China

类别 :// 临床研究：设计规范的各类临床研究及研究方案报告

为了描述中国国家登记册中成人 VA ECMO 患者的病因分布、基线特征、支持特征、并发症和住院结果，并按年龄和性别进行分层。

我们利用中国体外生命支持学会（CSECLS）注册库开展了一项全国多中心回顾性队列研究。自 2015 年以来，该学会共记录了 18,043
例体外膜肺氧合（ECMO）病例。纳入标准为：年龄≥ 18 岁，接受静脉 - 动脉（VA）ECMO 治疗，且关键基线和临床变量的完整性超过
70%。最终分析队列包含 12,043 例患者。纳入的变量包括人口统计学特征、病因分类、血流动力学和实验室指标、ECMO 支持持续时间、
机械通气时间、重症监护室（ICU）住院时间、并发症以及出院生存情况。对不同病因组的患者进行比较，并进一步按年龄（≤ 45 岁、
45-65 岁和 >65 岁）和性别进行分层。连续变量以中位数（四分位间距）表示，分类变量以例数（百分比）表示。组间比较采用 Kruskal-
Wallis 检验或卡方检验（视情况而定）。

患者的中位年龄为 54 岁（44-65 岁）；8748 例患者（73%）为男性，3295 例（27%）为女性。体外膜肺氧合（ECMO）的中位持续时间
为 96 小时（48-168 小时），9431 例患者（78%）接受了机械通气，ICU 的中位住院时间为 10 天（5-17 天）。观察到明显的病因特异性
异质性。暴发性心肌炎约占该队列的 8%，患者年龄最小（中位年龄 38 岁），女性患者占多数（男性比例为 49%），需要相对较长的支
持治疗，且出院生存率最高（约 74%）。急性心肌梗死约占病例的 21%；这些患者年龄较大（中位年龄 61 岁），以男性为主（64%），
合并症负担较重，生存率约为 59%。心脏手术后患者的年龄分布介于两者之间（中位年龄 56 岁），男性比例最高（70%），生存率约为 
47%，出血并发症发生率较高，ICU 住院时间较长。脓毒症相关的体外膜肺氧合（VA ECMO）患者的生存率最低，约为 41%。按年龄分
层分析显示病因逐渐发生变化：≤ 45 岁患者中以心肌炎为主（54%），45-65 岁患者中急性心肌梗死增多（42%），>65 岁患者中急性
心肌梗死最为常见（61%）。女性仅占总队列的 27%，但在心肌炎病例中却占一半以上。在急性心肌梗死患者中，女性比男性年龄大（中
位数为 67 岁，男性为 59 岁），且 ECMO 治疗时间较短。

迄今为止，这项规模最大的全国性中国 VA ECMO 队列研究表明，病因对患者的表型、并发症情况和预后有显著影响。心肌炎、急性心肌
梗死和心脏手术后休克不应被视为 VA ECMO 的可互换适应症。年龄和性别不仅是混杂因素，更是病因分布和预后的重要临床相关调节因素。
针对特定病因的风险模型以及基于年龄和性别的个体化管理方案可能有助于改善患者选择、并发症监测、撤机策略和预后判断。
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Exendin-4 Attenuates mPFC–Hippocampal Circuit Dysfunction after Severe 
Traumatic Brain Injury via Glp1r Activation

类别 :// 基础研究：涉及重症相关问题的基础研究

Severe traumatic brain injury (sTBI) causes high disability and mortality.[1]. The mPFC–hippocampal circuit is vulnerable to sTBI, 
but its molecular mechanisms are unclear[1]. Exendin 4 has been reported to exert potential neuroprotective effects[2]; however, 
its role and underlying mechanisms in sTBI remain unclear[3]. This study aimed to investigatewhether Exendin-4 ameliorates sTBI-
induced circuit dysfunction via Glp1r and potential Potential downstream pathways.

Single-cell sequencing data of the mPFC tissue from severe TBI patients and normal donors were analyzed to explore the 
mechanisms of severe TBI‑induced cortical injury. Severe TBI models were established using mechanically scratched HT22 and 
SH-SY5Y neuronal cell lines[4] and severe CCI-induced C57 mice (groups: sham, TBI, TBI+Exendin 4, n=6)[5]. MTT assay was used 
to assess neuronal viability, combined with quantitative real-time PCR (qPCR) to evaluate cellular injury. And MitoTracker Red 
CMXRos was used to detect Mitochondrial damage. Neurological and cognitive impairments were assessed by mNSS score[6] 
and immunofluorescence (IF). Blood-brain barrier integrity was assessed by Evans blue extravasation. Furthermore, Glp1r flox/
flox Camk2a Cre+ conditional knockout mice were used in behavioral experiments (Open field, New object recognition and Morris 
water maze test) to verify the impact of Glp1r deletion on severe TBI-induced neurological damage.

ingle cell sequencing showed that 103 genes in GLP1R positive cortical neurons of severe TBI patients (n=3) were significantly 
upregulated compared to normal donors (n=3), among which the top ten genes were HSP90AA1, PTPRZ1, MTRNR2L8, LHFPL3, 
VCAN, CTTNBP2, NOVA1, DSCAM, PID1 and SFPQ (Figure 1A). The enrichment analysis of differentially expressed genes in Glp1r 
positive neurons between severe TBI patients and normal control group showed that the main functional changes were in 
inflammation, metabolism, and cell connectivity, including Focal adhesion, Adherens junction, Lysosome, Cell adhesion molecules 
(CAMs), Noteh signaling pathway, P3K-Akt signaling pathway and ErbB signaling pathway (Figure 1B). qPCR, MTT tests and IF 
results demonstrated that Exendin 4 alleviated severe TBI‑induced oxidative damage and apoptosis in HT22 and SH‑SY5Y neurons 
(Figure 2A-C). mNSS scores, Evans blue staining, and IF results showed that Exendin 4 ameliorated severe TBI‑induced mPFC 
and hippocampal neurological dysfunction in mice (Figure 2D‑F). Behavioral experiments further revealed that Glp1r conditionl 
knockout significantly exacerbated hippocampal neurological deficits and cognitive impairment in severe TBI mice (Figure 3A‑C).

Single-cell sequencing of mPFC tissue, together with in vitro and in vivo experiments, confirms that Exendin 4 alleviates severe TBI-
induced mPFC and hippocampal neurological damage and cognitive dysfunction by activating Glp1r and reducing inflammation 
and oxidative damage, highlighting its therapeutic potential. Studies are warranted to elucidate the further mechanisms of severe 
TBI injury and the therapeutic action of Exendin 4.
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FTO-mediated m6A Demethylation of PRKCB mRNA Activates NF-κB to Trigger 
Alveolar Fibrin Deposition in ARDS

Abstract

Background: Acute Respiratory Distress Syndrome (ARDS) is characterized by alveolar fibrin deposition, driven by dysregulated 
hypercoagulation and impaired fibrinolysis. Although alveolar epithelial type Ⅱ (AEC Ⅱ ) cells contribute to this imbalance by 
overexpressing Tissue Factor (TF) and Plasminogen Activator Inhibitor-1 (PAI-1), the upstream regulatory mechanisms, particularly 
at the epitranscriptomic level, remain unclear. The potential role of the N6-methyladenosine (m6A) RNA demethylase FTO in ARDS 
pathogenesis is unexplored.

Methods:  In this study, we employed lipopolysaccharide (LPS)-induced rat ARDS models and LPS-stimulated AEC Ⅱ cells as 
primary experimental systems to investigate the underlying mechanisms. Multi-omics profiling, combining methylated RNA 
immunoprecipitation sequencing (MeRIP-seq) and RNA sequencing (RNA-seq), was performed. Gain and loss-of-function studies 
were conducted using lentiviral vectors both in vitro and in vivo. Mechanistic investigations involved MeRIP-qPCR, mRNA stability 
assays, co-immunoprecipitation (Co-IP), Western blot, immunofluorescence, and pharmacological modulation of the NF-κB 
pathway.

Results: Lungs from ARDS rats showed decreased global m6A levels and increased FTO expression. Knockdown of FTO alleviated 
lung injury, reduced pulmonary edema, and suppressed the expression of TF and PAI-1, concomitant with inhibition of NF-κB 
signaling. Integrated multi-omics analysis identified PRKCB as a key target of FTO. Mechanistically, FTO demethylated PRKCB 
mRNA, thereby enhancing its stability and translation. Elevated PRKCB promoted IKKβ phosphorylation and subsequent NF-κB 
activation. Rescue experiments confirmed that FTO regulates alveolar hypercoagulation and fibrinolytic inhibition in ARDS via 
PRKCB-dependent activation of the NF-κB pathway.

Conclusion: 

Our study identifies the FTO-PRKCB-NF-κB axis as a novel epitranscriptomic pathway driving alveolar fibrin deposition in ARDS. 
These findings reveal FTO as a potential therapeutic target for mitigating alveolar hypercoagulation and fibrinolysis inhibition in 
ARDS.

Keywords: Acute Respiratory Distress Syndrome, N6-methyladenosine, FTO, PRKCB, NF-κB signaling, alveolar fibrin deposition.
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Gastric Antral Motility Rhythm Phenotypes Derived From Bedside Ultrasound Are 
Associated With Gastrointestinal Dysfunction and Enteral Nutrition Delivery in 
Patients With Acute Brain Injury: A Single-Center Retrospective Cohort Study

Abstract

Objective  To investigate the associations of gastric antral motility rhythm phenotypes, defined from continuous cross-sectional 
area (CSA) traces acquired by bedside ultrasound, with gastrointestinal dysfunction (GID) and enteral nutrition delivery in patients 
with acute brain injury (ABI).

Methods  This single-center retrospective cohort study included adult patients with ABI from the 2023–2024 gastric ultrasound 
video database of the Department of Critical Care Medicine, West China Hospital, Sichuan University. Eligible patients had a 
quality-controlled 6-min short-axis antral ultrasound video acquired within 24 h of ICU admission and complete core clinical data. 
An artificial intelligence system performed frame-wise gastric antral segmentation and generated continuous CSA traces. The 
study team manually reviewed the traces according to prespecified phenotypic criteria and classified them as regular, irregular, 
or gastroparesis-like; regular and irregular phenotypes were also combined as the non-gastroparesis-like group. The primary 
outcome was GID, defined as a Gastrointestinal Dysfunction Score (GIDS) ≥ 1 on the day of ultrasound acquisition. Nutritional 
outcomes included enteral nutrition status on the day of ultrasound acquisition, initiation of enteral nutrition within 48 h of 
ICU admission, and achievement of 80% of target feeding volume within 3 d of ICU admission. Dynamic ultrasound measures 
included the motility index (MI), antral contraction frequency (ACF), antral contraction amplitude (ACA), and the number of antral 
contractions within 6 min.

Results  A total of 267 patients with ABI were included: 82 (30.71%) had a regular phenotype, 71 (26.59%) an irregular phenotype, 
and 114 (42.70%) a gastroparesis-like phenotype. Age, sex, Glasgow Coma Scale category, Sequential Organ Failure Assessment 
score, targeted temperature management, arrhythmia, ICU length of stay, hospital length of stay, and in-hospital mortality did 
not differ significantly across the three phenotypes. Median MI values were 0.97 (0.70–1.42), 0.72 (0.58–1.02), and 0.41 (0.29–0.57), 
respectively (P<0.001); median numbers of antral contractions within 6 min were 8.00 (2.50–12.00), 6.00 (2.00–10.00), and 2.00 
(0.00–6.00), respectively (P<0.001). Overall, 163 patients (61.05%) had GIDS ≥ 1; proportions differed across phenotypes (47.56%, 
64.79%, and 68.42%; P=0.010). Compared with the gastroparesis-like phenotype, the regular phenotype was associated with 
lower odds of GID (OR 0.42, 95% CI 0.23–0.75; P=0.005). Initiation of enteral nutrition within 48 h also differed across phenotypes 
(85.36%, 73.24%, and 68.42%; P=0.024). In the two-group analysis, the non-gastroparesis-like group had lower odds of GID than 
the gastroparesis-like group (55.56% vs 68.42%; OR 0.58, 95% CI 0.35–0.96; P=0.042) and higher rates of enteral nutrition in place 
on the day of ultrasound acquisition and of enteral nutrition initiated within 48 h.

Conclusion  Gastric antral motility rhythm phenotypes derived from continuous bedside ultrasound CSA traces were supported 
by dynamic motility measures and were associated with GID burden and early enteral nutrition delivery in patients with ABI. A 
gastroparesis-like phenotype may identify patients with a higher GID burden and more limited early enteral nutrition delivery. 
This dynamic phenotype may support bedside, visual risk stratification of GID in neurocritical care.

Keywords: Acute brain injury; Gastrointestinal dysfunction; Gastric antral ultrasound; Gastric antral motility rhythm; Enteral 
nutrition; Artificial intelligence
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GRN-Sort1 轴介导小胶质细胞 - 神经元交互调控脓毒症脑病损伤的机制研究

脓毒症脑病是重症脓毒症患者常见的严重神经系统并发症，以认知功能障碍、神经炎症损伤、神经元凋亡为核心病理特征，是重症患者预
后不良、远期认知残留损伤的重要独立危险因素。目前临床缺乏针对性的靶向干预靶点，其核心分子调控机制尚未完全阐明，尤其脑组织
内免疫细胞与神经细胞的交互调控机制亟待深入探究。本研究以盲肠结扎穿刺（CLP）诱导的脓毒症小鼠模型为研究载体，动态观察脓毒
症小鼠行为学及脑组织病理损伤特征，通过单细胞 RNA 测序解析海马组织细胞异质性及细胞间通讯网络，筛选核心调控信号轴，并结合
体外细胞实验验证 GRN-Sort1 信号轴对脓毒症神经炎症及神经元损伤的调控作用，旨在阐明脓毒症脑病的潜在发病机制，为临床重症脓
毒症脑病的靶向治疗提供全新的实验依据与分子靶点。

本研究分为动物模型体内实验、组织测序分析及体外细胞验证实验三部分。第一部分，采用中度盲肠结扎穿刺（CLP）法构建小鼠脓毒症模型，
设置假手术（Sham）对照组，分别在造模后 24h、48h 对小鼠背部外观、眼部状态、呼吸功能、自主活动、肌肉张力、翻正反射、消化
功能及体表温度进行多维度行为学评分；造模 2 周后通过 Morris 水迷宫实验检测小鼠学习记忆认知功能。实验结束后取小鼠海马脑组织，
采用免疫荧光染色检测小胶质细胞激活标志物 Iba1、星形胶质细胞活化标志物 GFAP 表达水平，通过尼氏染色观察海马 CA1 区神经元损
伤情况。第二部分，选取行为学及病理证实存在脓毒症脑病损伤的 CLP 组与 Sham 组小鼠海马组织，制备单细胞悬液进行单细胞 RNA 测
序（scRNA-seq），利用 fastMNN 算法完成批次校正，通过 tSNE 聚类分析划分细胞亚簇，结合标志基因及 SingleR 注释完成细胞类型鉴定，
构建细胞间单向通讯网络，筛选小胶质细胞与神经元之间的核心受配体信号对。第三部分，通过 qPCR 筛选 BV2 小胶质细胞中 Sort1 有效
干扰 siRNA，以 LPS 诱导炎症细胞模型，采用 CCK8 实验检测 HT22 神经元细胞增殖活性，Western Blot 检测细胞凋亡标志物 Cleaved-
Caspase3 表达，流式细胞术检测细胞凋亡率，qPCR 检测炎症因子 IL-6、TNF-α、IL-10 mRNA 表达水平，ELISA 检测 GRN 蛋白分泌水平，
验证 Sort1 敲降对脓毒症神经炎症及神经元损伤的调控作用。

动物行为学评分结果显示，

CLP 造模后小鼠出现明显脓毒症全身症状及神经功能异常，48h 各维度行为学评分显著高于 24h，且同期评分显著高于 Sham 组，提示脓
毒症小鼠随病程进展出现进行性加重的脓毒症相关脑损伤行为学改变。

造模 2 周水迷宫结果表明，CLP 组小鼠穿越原平台位置次数显著减少，逃避潜伏期明显延长，证实脓毒症小鼠存在持续性学习、记忆认知
功能损伤。

脑组织病理检测显示，CLP 组小鼠海马组织 Iba1、GFAP 荧光表达强度显著升高，提示小胶质细胞、星形胶质细胞大量活化；海马 CA1
区尼氏小体数量显著减少，神经元损伤、凋亡数量明显增加。

单细胞测序结果将小鼠海马组织细胞划分为 25 个亚簇，成功注释小胶质细胞、神经元、星形胶质细胞等 10 余种细胞类型；细胞通讯分析
证实小胶质细胞向神经元的信号传递为海马组织核心信号流，显著强于神经元对小胶质细胞的反向通讯，其中 Grn-Sort1 为二者间最关键
的受配体对，通讯活性最强。

组织验证实验证实脓毒症脑病小鼠海马组织中 GRN、Sort1 蛋白表达水平均显著上调，且 GRN 主要表达于小胶质细胞，Sort1 特异性富
集于神经元。体外细胞实验显示，LPS 炎症刺激可显著抑制 HT22 细胞增殖、促进细胞凋亡，上调炎症因子及 Cleaved-Caspase3 表达，
提升 GRN 分泌水平；敲降 Sort1 后可显著逆转上述损伤，促进 HT22 细胞增殖、降低凋亡率，抑制炎症因子表达，同时进一步上调 GRN
蛋白水平，有效缓解炎症介导的神经元损伤。

CLP 诱导的脓毒症可诱发小鼠持续性神经炎症、神经元损伤及认知功能障碍，成功构建稳定的脓毒症脑病动物模型。脓毒症状态下海马组
织小胶质细胞异常活化，通过 Grn-Sort1 信号轴与神经元产生强效异常通讯，介导神经炎症级联反应及神经元凋亡损伤。靶向敲降 Sort1
可通过调控 GRN 表达，抑制小胶质细胞过度活化、减轻神经炎症反应、缓解神经元凋亡损伤。GRN-Sort1 轴是调控脓毒症脑病小胶质细胞 -
神经元交互损伤的核心信号通路，可作为临床重症脓毒症脑病精准干预的潜在新型靶点。
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Haemodynamic Stability of Cipepofol versus Propofol in Critically Ill Adults 
Undergoing Emergency Rapid-Sequence Intubation: An Exploratory Randomised 
Controlled Pilot Trial

Propofol is the most widely used induction agent for rapid-sequence intubation (RSI) in critically ill patients, yet its vasodilatory 
and negative inotropic effects frequently provoke peri-intubation hypotension. Cipepofol, a structurally optimised alkylphenol, 
suppresses vascular smooth-muscle tone less than propofol at equi-sedative doses in preclinical and early-phase studies. 
Randomised data in critically ill adults undergoing emergency RSI are lacking.

We conducted an investigator-initiated, parallel-group, centrally randomised, open-label pilot trial in three tertiary ICUs in 
Shanghai (November 2024 to November 2025). Adults requiring emergency tracheal intubation were assigned 1:1 to cipepofol 
(0.1–0.2 mg/kg) or propofol (0.5–1.0 mg/kg), each given over 30 ± 5 s after standardised remifentanil and rocuronium. The pre-
specified primary composite outcome was cardiovascular collapse within 30 min of intubation (any of SBP < 65 mmHg, initiation 
of a new vasoactive agent, sustained SBP fall ≥ 20% from baseline, or SBP < 90 mmHg for ≥ 30 min). The intention-to-treat 
analysis used the χ² test, with a pre-specified logistic model adjusting for baseline shock, GCS, and MAP. Identical-appearance 
masking was not feasible, so treating clinicians were unblinded while outcome adjudicators and the analyst were blinded. As a 
pilot, the trial was not powered for confirmatory inference and all analyses are exploratory.

All 100 randomised patients (49 cipepofol, 51 propofol) were analysed with no loss to follow-up. Cardiovascular collapse occurred 
in 18 of 49 cipepofol recipients (36.7%) and 29 of 51 propofol recipients (56.9%): risk difference (RD) − 20.2% (95% CI, − 39.1 to 
− 1.3; P = 0.044). The association persisted after adjustment (adjusted OR 0.42; 95% CI, 0.18–0.98; P = 0.048). It was carried mainly 
by the new-vasopressor component, which is open to performance bias under an unblinded design (43.1% vs 22.4%; P = 0.029). 
Sedation success (89.8% vs 90.2%) and first-attempt intubation (100% in both) were equivalent. Bradycardia occurred only with 
propofol (11.8% vs 0%; P = 0.027). Twenty-eight-day mortality was 22.4% versus 25.5% (P = 0.72).

In this underpowered, open-label pilot trial, cipepofol was associated with less peri-intubation cardiovascular collapse and 
bradycardia than propofol, with equivalent sedation. Borderline significance, the susceptibility of the leading endpoint 
component to performance bias, and baseline imbalance confine these findings to the hypothesis-generating level. They justify, 
but do not pre-empt, an adequately powered, double-dummy, multicentre trial with 28-day mortality as a co-primary outcome.
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HDAC11 敲低改善 LPS 诱导 H9C2 心肌细胞脂肪酸氧化障碍

摘要

背景：脓毒症相关心肌功能障碍与线粒体能量代谢紊乱密切相关。脂肪酸氧化受抑可造成 ATP 生成不足和脂质蓄积，但组蛋白去乙酰化
酶 11（HDAC11）在该过程中的作用尚不明确。目的：观察 HDAC11 敲低对脂多糖（LPS）诱导 H9C2 心肌细胞脂肪酸氧化障碍的影响，
并初步评价肉碱棕榈酰转移酶 1B（CPT1B）的作用。方法：采用 10 μg/mL LPS 刺激 H9C2 细胞。通过腺病毒敲低 HDAC11，检测 PGC-
1α、ACADVL、CPT1B、CD36 及 PLIN5 的 mRNA 和蛋白表达；采用 BODIPY 493/503 染色、FAO-Glo 法和 ATP 检测试剂盒分别评价脂
质蓄积、相对脂肪酸氧化活性及 ATP 水平。进一步采用 CPT1B shRNA 慢病毒感染细胞 48 h（MOI=300），观察 CPT1B 敲低对 HDAC11
敲低效应的影响。结果：LPS 刺激后 HDAC11 表达升高，CPT1B 及其他脂肪酸氧化相关分子表达下降，并伴随脂肪酸氧化活性降低和脂
质蓄积增加。HDAC11 敲低可部分恢复相关分子表达，提高脂肪酸氧化活性并减少脂质蓄积。进一步敲低 CPT1B 后，脂肪酸氧化活性和
ATP 水平再次下降，脂质蓄积增加，HDAC11 敲低的代谢改善效应受到削弱。结论：HDAC11 敲低可改善 LPS 诱导的 H9C2 细胞脂肪酸氧
化障碍，其作用可能部分依赖 CPT1B 介导的脂肪酸氧化恢复。

关键词：HDAC11；CPT1B；脂肪酸氧化；脂多糖；H9C2 细胞

1 研究背景与现状

脓毒症相关心肌功能障碍是脓毒症重要的器官并发症，其发生涉及炎症反应、氧化应激和线粒体能量代谢异常等多重机制 [1-2]。正常心
肌具有较高的能量需求，脂肪酸氧化是其重要供能途径。脓毒症状态下，脂肪酸向线粒体转运及 β- 氧化受阻，可导致 ATP 生成不足、脂
质中间产物蓄积并进一步加重细胞损伤 [2]。HDAC11 是唯一的Ⅳ类组蛋白去乙酰化酶，除参与表观遗传调控外，还具有脂酰化修饰调节
功能，并与炎症和能量代谢密切相关 [3-4]。已有研究提示 HDAC11 可限制骨骼肌脂肪酸氧化 [5]，但其是否参与 LPS 诱导的心肌细胞脂
肪酸氧化障碍仍缺乏直接证据。

2 研究目的

观察 LPS 刺激后 H9C2 细胞 HDAC11 和脂肪酸氧化相关分子的变化，评价 HDAC11 敲低对脂肪酸氧化功能及脂质蓄积的影响，并通过
CPT1B 敲低实验初步判断其作用是否依赖 CPT1B。

3 研究设计与方法

本研究为体外对照实验。首先以 10 μg/mL LPS 刺激 H9C2 细胞 0、3、6、12、24 和 48 h，采用 Western blot 检测 HDAC11 及 CPT1B 蛋白表达，
确定后续干预时间。随后采用腺病毒介导 HDAC11 敲低，设置 shNC 组、LPS+shNC 组、shHDAC11 组及 LPS+shHDAC11 组。采用 RT-
qPCR 和 Western blot 检测 HDAC11、PGC-1α、ACADVL、CPT1B、CD36 及 PLIN5 表达；BODIPY 493/503 联合 MitoTracker、Hoechst
染色观察脂滴及线粒体分布；FAO-Glo 法检测相对脂肪酸氧化活性。机制验证阶段，在 HDAC11 敲低基础上采用 CPT1B shRNA 慢病毒感
染 H9C2 细胞 48 h（MOI=300），设置 shNC 组、LPS+shNC 组、LPS+shHDAC11 组、LPS+shCPT1B 组及 LPS+shHDAC11+shCPT1B 组，
并检测脂质蓄积、脂肪酸氧化活性及 ATP 水平。采用 GraphPad Prism 软件进行统计分析。各实验独立重复 3 次，数据以均数 ± 标准差表示，
多组间比较采用单因素方差分析，以 P<0.05 为差异有统计学意义。

4 结果

4.1 LPS 诱导 HDAC11 升高并抑制 CPT1B 表达

随 LPS 刺激时间延长，H9C2 细胞 HDAC11 蛋白总体呈升高趋势，CPT1B 蛋白总体呈下降趋势，24 h 时变化明确，故后续实验采用 LPS 
10 μg/mL 刺激 24 h（图 1）。
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4.2 HDAC11 敲低恢复脂肪酸氧化相关分子表达

与 shNC 组相比，LPS+shNC 组 HDAC11 mRNA 和蛋白表达升高，PGC-1α、ACADVL、CPT1B、CD36 及 PLIN5 表达下降。HDAC11 敲低后，
上述脂肪酸氧化及脂质代谢相关分子的表达得到不同程度恢复（图 2、图 3），提示 HDAC11 可能参与 LPS 诱导的脂肪酸氧化转录及蛋白
表达异常。
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4.3 HDAC11 敲低改善脂肪酸氧化功能，CPT1B 敲低削弱其作用

LPS 刺激后，H9C2 细胞内脂滴相对荧光强度明显升高，相对脂肪酸氧化活性下降；HDAC11 敲低可减少脂质蓄积并部分恢复脂肪酸氧化
活性。进一步敲低 CPT1B 后，脂滴相对荧光强度再次升高，脂肪酸氧化活性明显下降，表明 CPT1B 敲低削弱了 HDAC11 敲低对 LPS 诱
导脂肪酸氧化障碍的改善作用（图 4）。

4.4 CPT1B 敲低削弱 HDAC11 敲低对 ATP 水平的改善作用

LPS 刺激后，H9C2 细胞 ATP 水平明显下降；HDAC11 敲低可使 ATP 水平部分恢复。在 HDAC11 敲低基础上进一步敲低 CPT1B 后，ATP
水平再次下降，提示 CPT1B 介导的脂肪酸氧化恢复可能参与 HDAC11 敲低对细胞能量稳态的改善（图 5）。 
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5 讨论与结论

本研究从分子表达和功能表型两个层面显示，LPS 可诱导 H9C2 细胞 HDAC11 升高及脂肪酸氧化受抑，而 HDAC11 敲低能够恢复 CPT1B
等相关分子表达、提高脂肪酸氧化活性、减少脂质蓄积并改善 ATP 水平。进一步敲低 CPT1B 后，上述脂肪酸氧化及能量代谢改善作用
受到明显削弱，支持 HDAC11 敲低的代谢效应至少部分依赖 CPT1B 介导的脂肪酸氧化恢复。现有结果尚不能证明 HDAC11 直接调控
CPT1B，且研究限于 H9C2 细胞和较小重复数，后续仍需结合直接调控实验及体内模型验证。综上，HDAC11 可能是 LPS 诱导心肌细胞
脂肪酸氧化障碍的潜在干预靶点。
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Hemodynamic Response Phenotypes in Patients Receiving Intra-Aortic Balloon 
Pump Support: A Hierarchical Clustering Study

[Abstract] Objective: To identify baseline hemodynamic phenotypes in patients receiving intra-aortic balloon pump (IABP) 
support, compare dynamic responses to IABP among phenotypes, and explore the potential value of phenotype-based 
stratification for individualized IABP management. Methods: Ninety-one consecutive patients who received IABP support 
after cardiac surgery were included. Within 2 h after IABP implantation, baseline hemodynamic variables were obtained with 
bioimpedance spectroscopy cardiography (BSC) while IABP support was temporarily discontinued. Unsupervised hierarchical 
clustering was used to identify baseline phenotypes. Paired measurements obtained daily with IABP off and on were compared 
among phenotypes. Results Three baseline phenotypes were identified: a low-output/high-resistance phenotype (type 1, n=28), 
an intermediate-output/intermediate-resistance phenotype (type 2, n=34), and a high-output/low-resistance phenotype (type 3, 
n=29). On Day 1, stroke volume (SV) increased in Type 1 patients (10.25% +/- 15.0%, P=0.003) but did not change significantly in 
Type 2 patients (-0.08% +/- 10.3%, P=0.74). In type 3 patients, SV increased on Day 2 (7.37% +/- 11.9%, P=0.03). On Day 3, changes 
in SV, cardiac output, and velocity index remained significantly different among the three groups (P=0.028, 0.048, and 0.016, 
respectively). Conclusion Patients receiving IABP support exhibit distinct baseline hemodynamic phenotypes and early response 
patterns. Combining baseline phenotyping with serial hemodynamic monitoring may help distinguish immediate, delayed, and 
limited responses, thereby informing dynamic assessment and individualized IABP management.

[Keywords] intra-aortic balloon pump; hemodynamic phenotype; hierarchical clustering; treatment response; bioimpedance 
spectroscopy cardiography

Intra-aortic balloon pump (IABP) counterpulsation is a commonly used form of mechanical circulatory support. By synchronizing 
balloon inflation and deflation with the cardiac cycle, IABP augments diastolic coronary perfusion and reduces left ventricular 
afterload immediately before systole, thereby improving myocardial oxygen supply-demand balance and cardiac output [1-3].

Despite its sound pathophysiological rationale, whether IABP improves clinical outcomes remains controversial. Several large 
randomized controlled trials failed to demonstrate reductions in short- or long-term mortality among patients with cardiogenic 
shock [4-6], leading to downgrading of IABP recommendations in national and international guidelines. However, population-
level results may obscure clinically important differences in response among patients with different baseline circulatory states.

Previous studies have demonstrated substantial heterogeneity in hemodynamic response to IABP [7-11]. Some patients show 
increased cardiac output and reduced left ventricular workload, whereas others exhibit only modest improvement or changes 
in the opposite direction. More recently, unsupervised clustering has identified reproducible cardiogenic shock phenotypes with 
distinct clinical characteristics and outcomes [12-13]. Average treatment effects may obscure clinically important differences in 
individual hemodynamic responses. Identifying baseline circulatory phenotypes and monitoring their dynamic responses may 
provide a new basis for patient selection, treatment evaluation, and adjustment of support strategies.

In this study, multiple hemodynamic variables were continuously acquired using bioimpedance spectroscopy cardiography (BSC). 
Unsupervised hierarchical clustering was applied to identify baseline circulatory phenotypes in patients receiving IABP support, 
and dynamic changes between IABP-off and IABP-on states were compared across phenotypes. The study aimed to characterize 
heterogeneity in IABP response and evaluate the potential clinical value of phenotype-based stratification.

1 Materials and Methods

1.1 Study Population

Patients who underwent cardiac surgery and received IABP support at Beijing Anzhen Hospital, Capital Medical University, 
between December 2025 and July 2026 were consecutively included. Indications for IABP at our center included mean arterial 
pressure (MAP) <60 mmHg; left atrial pressure or pulmonary capillary wedge pressure >20 mmHg; central venous pressure >15 
cmH2O; urine output <20 mL/h; or evidence of impaired peripheral perfusion, such as cold and clammy extremities.
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1.2 Study Protocol

Hemodynamic monitoring with BSC (YECO Hemodynamic and Cardiac Function Monitoring System) was initiated within 2 h after 
IABP implantation. IABP support was temporarily discontinued only when all of the following conditions were met: (1) heart rate 
(HR) <120 beats/min or an increase of <10 beats/min from the pre-interruption value; (2) a vasoactive-inotropic score (VIS) below 
the protocol-defined threshold of 20-30; and (3) MAP >=60-65 mmHg. After the hemodynamic curves stabilized, baseline data 
were recorded with IABP off. IABP was then restarted, and data were recorded again after stabilization. Stabilization required 
approximately 10-15 min after each adjustment. If a patient failed to meet all criteria after IABP interruption, support was resumed 
immediately and that observation was excluded from paired analysis. Paired measurements were obtained daily until IABP 
removal using the sequence 'IABP off - stabilization - data acquisition - IABP on - stabilization - data acquisition.'

The relative change between IABP-on and IABP-off states was calculated as follows:

1.3 Hemodynamic Monitoring

This study used BSC, a patented monitoring technology independently developed by YECO. BSC analyzes thoracic bioimpedance 
spectral characteristics and their dynamic changes during the cardiac cycle to obtain multiple hemodynamic variables 
continuously and noninvasively. Its continuous monitoring capability enabled paired acquisition of IABP-off and IABP-on 
measurements within a short time window to assess the immediate hemodynamic effects of IABP support.

The principal variables included cardiac output (CO), stroke volume (SV), HR, systemic vascular resistance (SSVR), acceleration 
index (ACI), thoracic fluid content (TFC), pre-ejection period (PEP), left ventricular ejection time (LVET), velocity index (VI), 
and stroke volume variation (SVV). CO and SV reflect cardiac pump performance; SSVR reflects peripheral vascular resistance; 
ACI, PEP, LVET, and VI characterize left ventricular systolic function; TFC reflects thoracic fluid status; and SVV reflects volume 
responsiveness.

1.4 Hierarchical Clustering Analysis

Baseline hemodynamic variables obtained on day 1 with IABP off were selected as clustering features, including CO, SV, HR, SSVR, 
ACI, TFC, PEP, LVET, VI, and SVV. Unsupervised hierarchical clustering was performed to identify latent phenotypes based on 
the overall hemodynamic profile. Response variables obtained after IABP activation and clinical outcomes were not included in 
clustering, thereby reducing outcome-driven classification bias.

1.5 Statistical Analysis

Continuous variables are presented as mean +/- standard deviation or median (Q1, Q3), as appropriate, and categorical variables 
as number (percentage). Continuous variables were compared among the three groups using one-way analysis of variance; when 
the overall difference was significant, Tukey's honestly significant difference test was used for post hoc pairwise comparisons. 
Relative changes in SV, CO, SSVR, HR, TFC, and other variables between IABP-on and IABP-off states were analyzed to characterize 
early response patterns. All tests were two-sided, and P<0.05 was considered statistically significant. Data management and 
statistical analyses were conducted using Python version 3.12. Hierarchical clustering was implemented with the SciPy package 
(scipy.cluster.hierarchy), using Euclidean distance and Ward's minimum variance linkage.

2 Results

2.1 Patient and Operative Characteristics

The mean preoperative left ventricular ejection fraction was 48.1% +/- 12.7%. New York Heart Association (NYHA) class III or IV 
heart failure was present in 47.3% of the study population, whereas preoperative cardiogenic shock was uncommon (1.8%) (Table 
1).
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Operative characteristics are presented in Table 2. Nearly 60% of patients underwent coronary artery bypass grafting (CABG) alone 
or CABG combined with valve surgery. Urgent surgery or surgery during the same hospitalization was performed in 51 patients 
(55.5%), primarily because patients with newly diagnosed triple-vessel coronary artery disease were referred directly from the 
cardiac catheterization laboratory for surgery after preoperative optimization. Reoperative cardiac surgery was performed in 
18.1% of patients. The median cardiopulmonary bypass (CPB) time was 180.0 min, and the median aortic cross-clamp time was 
119.5 min. Cold blood cardioplegia was used in 68 patients (74.7%). During CPB, 74 patients (81.3%) underwent mild hypothermia 
and 5 (6.0%) underwent deep hypothermic circulatory arrest.
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2.2 Characteristics and Outcomes of IABP Support

Postcardiotomy shock and failure to wean from CPB were the two most common indications for rescue IABP support (35.3% and 
32.9%, respectively), followed by myocardial ischemia (15.5%), cardiac arrest (14.7%), and ventricular arrhythmia (1.6%). The 
median duration of IABP support was 3.0 days (interquartile range, 3.0-4.0 days). In-hospital mortality was 14.6%, with 13 deaths 
during the index hospitalization. Cardiogenic shock was the most common cause of death, and most affected patients also had 
multiorgan failure.

2.3 Hierarchical Clustering Identified Three Baseline Hemodynamic Phenotypes

A total of 91 patients receiving IABP support completed hemodynamic monitoring. Hierarchical clustering of baseline variables 
obtained on day 1 with IABP off identified three phenotypes with distinct circulatory profiles (types 1-3).

Type 1 was characterized by low cardiac output, high vascular resistance, and a faster heart rate. Type 2 showed intermediate 
cardiac output and vascular resistance; its PEP was longer than that of types 1 and 3 (both pairwise Tukey comparisons, P<0.001). 
Type 3 was characterized by high cardiac output and low vascular resistance; its ACI and LVET were higher than those of types 
1 and 2 (all pairwise Tukey comparisons, P<0.05). Type 3 also had the highest VI, with significant pairwise differences among all 
three groups (all P<0.02).
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Figure 1. Distribution of Major Hemodynamic Variables Across the Three Baseline Phenotypes

Note: Black dots indicate medians, and horizontal lines indicate the 5th-95th percentile range. All variables were baseline 
measurements obtained on day 1 after IABP implantation with IABP off. CO, cardiac output; SV, stroke volume; HR, heart rate; 
SSVR, systemic vascular resistance; ACI, acceleration index; TFC, thoracic fluid content; PEP, pre-ejection period; VI, velocity index; 
LVET, left ventricular ejection time.

2.4 Early Hemodynamic Responses to IABP Differed Among Baseline Phenotypes

On day 1, SV increased after IABP activation in type 1 patients (10.25% +/- 15.0%, P=0.003) but did not change significantly in type 
2 patients (-0.08% +/- 10.3%, P=0.74). In type 3 patients, SV increased on day 2 (7.37% +/- 11.9%, P=0.03). CO, SSVR, and other 
hemodynamic variables also differed in direction and magnitude of change across phenotypes (Figure 2 and Table 5).



CCCC 2026     0159

Figure 2. Relative Changes in Major Hemodynamic Variables Between IABP-On and IABP-Off States on Day 1

Note: Bars indicate mean relative changes within each phenotype. Day 1 denotes the first day after IABP implantation. Relative 
change was calculated from paired IABP-on and IABP-off measurements in the same patient using equation (1). SV, stroke volume; 
CO, cardiac output; VI, velocity index; ACI, acceleration index; SSVR, systemic vascular resistance; PEP, pre-ejection period.

Note: Values in parentheses indicate the number of patients included at each time point. Days 1, 2, and 3 denote the first, 
second, and third days after IABP implantation, respectively. Relative change was calculated from paired IABP-on and IABP-off 
measurements in the same patient. Comparisons among the three groups at each time point were performed using one-way 
analysis of variance.

2.5 Three Early Response Patterns Across Baseline Phenotypes

On day 1, SV and CO increased by 10.2% +/- 15.0% and 7.3% +/- 15.5%, respectively, in type 1 patients, whereas no clear increases 
were observed in types 2 and 3. Type 1 also showed the largest increase in ACI (18.1% +/- 29.4%) and the greatest decrease in SSVR 
(-14.9% +/- 17.3%), indicating early improvement in pump performance and reduction in afterload.

On day 2, type 1 maintained relatively large changes in SV, CO, and VI. Type 3 showed further increases in SV, CO, and VI compared 
with day 1, consistent with delayed improvement, whereas changes in type 2 remained small, indicating a limited early 
hemodynamic response.

On day 3, relative changes in SV, CO, and VI remained significantly different among the three groups (P=0.028, 0.048, and 0.016, 
respectively), with type 3 showing the greatest increase in VI. Across time points, types 1, 2, and 3 exhibited immediate, limited, 
and delayed response patterns, respectively.

The distribution of relative SV changes in type 3 patients on days 1 and 2 further supported a delayed response (Figure 3): the 
distribution shifted upward on day 2, and the median changed from approximately zero to a positive value.
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Figure 3. Distribution of Relative SV Changes in Type 3 Patients on Days 1 and 2

Note: On day 1, relative SV changes were concentrated around or below zero. On day 2, the distribution shifted upward and the 
median became positive, suggesting progressive hemodynamic improvement during continued IABP support.

3 Discussion

Hierarchical clustering of baseline hemodynamic variables obtained with IABP off identified three circulatory phenotypes with 
distinct magnitudes and temporal patterns of response after IABP activation. Patients with the low-output/high-resistance 
phenotype showed early increases in SV and CO and a decrease in SSVR. Patients with the intermediate-output/intermediate-
resistance phenotype showed limited early changes, whereas those with the high-output/low-resistance phenotype showed 
progressive improvement on day 2. These findings are consistent with previous observations that IABP response is heterogeneous 
and influenced by baseline hemodynamics [7-11].

IABP augments diastolic coronary perfusion and reduces left ventricular afterload before systole, thereby decreasing myocardial 
oxygen demand and improving cardiac output [1-3]. Type 1 patients had low cardiac output and high vascular resistance at 
baseline; after IABP activation, SV and CO increased and SSVR decreased, which is consistent with the classic afterload-reducing 
mechanism of IABP. Early hemodynamic improvement in this phenotype may indicate greater sensitivity to the mechanical effects 
of IABP. Whether this phenotype predicts clinical benefit, however, requires validation against organ perfusion, vasoactive drug 
requirements, and clinical outcomes.

Type 2 patients had intermediate cardiac output and vascular resistance but a markedly prolonged PEP, potentially indicating 
abnormal left ventricular systolic timing. Their overall changes in SV and CO after IABP activation were small, suggesting that 
afterload reduction may not translate into short-term improvement in pump performance. In patients with a limited early 
response, volume status, myocardial function, cardiac rhythm, pharmacological therapy, and organ perfusion should be 
reassessed rather than declaring IABP ineffective on the basis of a single hemodynamic variable.

Type 3 patients had relatively high cardiac output and low vascular resistance at baseline. Their hemodynamic changes were 
minimal on day 1, whereas SV, CO, and VI increased further on day 2, suggesting a time-dependent response in some patients. A 
single or very early assessment may therefore underestimate the effect of IABP in this phenotype, and serial monitoring may help 
define the direction and time course of response. Nevertheless, delayed improvement may also reflect postoperative recovery, 
volume management, or adjustment of vasoactive therapy and cannot be attributed entirely to IABP.

Previous IABP studies have mainly used predefined thresholds to classify responders and nonresponders or regression models 
to examine associations between baseline factors and longitudinal changes [7-11]. Direct clinical evidence using unsupervised 
hierarchical clustering to identify IABP hemodynamic response phenotypes remains limited. In parallel, clustering studies in 
cardiogenic shock have shown that data-driven methods can identify subgroups with distinct pathophysiological features 
and outcomes [12-13]. The present findings suggest that the same support strategy may generate different response patterns 
depending on baseline circulatory status. Combining baseline phenotype classification with serial monitoring may help distinguish 
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immediate, delayed, and limited responses and may inform the timing of assessment and treatment adjustment. This study 
has several limitations. It was a single-center observational study with a limited sample size; the number of patients available 
for paired analysis decreased over time; the clusters have not been externally validated; and we did not analyze successful IABP 
weaning, organ function, short-term mortality, or long-term outcomes. The findings should therefore be regarded as hypothesis-
generating and should not be used directly to define thresholds for initiating, discontinuing, or escalating mechanical circulatory 
support.

Figure 4. Principal Hemodynamic Mechanisms of IABP and the Response Patterns Proposed in This Study

Note: IABP may influence SV and CO by modifying preload, reducing afterload, and improving myocardial perfusion. Depending 
on baseline hemodynamic status, patients may exhibit an immediate, delayed, or limited response. SV, stroke volume; CO, cardiac 
output.

4 Conclusion

Patients receiving IABP support exhibit distinct baseline hemodynamic phenotypes and early response patterns. The low-output/
high-resistance phenotype showed earlier improvement; the high-output/low-resistance phenotype showed possible delayed 
improvement; and the intermediate-output/intermediate-resistance phenotype showed a relatively limited early response. 
Baseline circulatory phenotyping combined with serial hemodynamic monitoring may support dynamic assessment and 
individualized IABP management. Its predictive value requires confirmation in multicenter prospective studies incorporating 
clinical outcomes.
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Hemodynamic-Metabolic Discordance During Early Sepsis Resuscitation and In-
Hospital Mortality: A Sequential Three-Cohort Observational Study

Abstract

Background

Early sepsis resuscitation aims to restore tissue perfusion. However, mean arterial pressure (MAP) and lactate levels often fail to 
align. Some patients reach blood pressure targets but still have elevated lactate. We refer to this gap as hemodynamic-metabolic 
discordance (HMD). It remains unclear if HMD acts as an independent predictor of patient outcomes and whether regional tissue 
oxygenation drives this prognostic signal..

Objective

We aimed to develop and externally validate HMD as a mortality predictor during early sepsis care. We also explored how HMD 
relates to regional tissue oxygen saturation (StO2) in a prospective clinical cohort.

Methods

We conducted a prespecified sequential observational study. We used the MIMIC-IV database to develop the HMD phenotype 
and the eICU-CRD database for external validation. We then analyzed a local patient cohort using near-infrared spectroscopy 
and transpulmonary thermodilution to understand the underlying mechanisms. We evaluated patient status at 6 hours after 
starting resuscitation. Patients were grouped into four states. State A achieved both blood pressure and metabolic recovery. 
State B achieved blood pressure recovery but lacked metabolic recovery (HMD). State C achieved metabolic recovery only. State 
D achieved neither target. We defined blood pressure recovery as a MAP of at least 65 mm Hg. Metabolic recovery was defined as 
lactate levels of 2 mmol/L or lower, or a lactate decrease of at least 20%. Our primary outcome was all-cause hospital mortality.

Results

The MIMIC-IV cohort included 4,409 evaluable patients. Hospital mortality was 21.3% for State A and 38.5% for State B. State 
B independently predicted higher hospital mortality, with an adjusted odds ratio (OR) of 1.93 (95% CI 1.59–2.34; P < 0.001). 
This represented a 13.1% absolute increase in mortality risk. The eICU-CRD validation cohort included 648 patients across 78 
hospitals. Mortality was 23.6% in State A compared to 50.3% in State B (adjusted OR 3.23; 95% CI 1.79–5.83; P < 0.001). The 
transferred prediction model achieved an area under the curve (AUC) of 0.757. The local mechanistic cohort included 55 patients. 
The adjusted difference in 24-hour composite StO2 between State B and State A was − 1.33 percentage points, which was not 
statistically significant. All regional StO2 and thermodilution variables showed no significant differences after correcting for 
multiple comparisons.

Conclusion

Discordance between blood pressure and metabolic recovery during early sepsis resuscitation independently predicts hospital 
mortality. This finding remained consistent across two large databases. The underlying mechanisms do not appear to involve 
macroscopic regional tissue oxygenation. Clinicians can easily use this simple phenotype at the bedside to stratify patient risk 
early in the treatment process.

Keywords

Sepsis, early resuscitation, Hemodynamic-metabolic discordance, tissue oxygen saturation, near-infrared spectroscopy

1. Background

Sepsis causes a high number of deaths in intensive care units (ICU) worldwide. Early and effective resuscitation serves as the 
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cornerstone for improving patient survival [1]. Current clinical guidelines recommend restoring tissue perfusion, typically 
monitored through blood pressure targets and lactate clearance [2]. However, these two measures often fail to align in clinical 
practice. Many patients reach the recommended MAP threshold but maintain elevated lactate levels [3].  We operationally 
refine this into a 6-hour landmark phenotype, which we term hemodynamic-metabolic discordance (HMD), to emphasize the 
discordance between achieved hemodynamic targets and persistent metabolic derangement.

Most previous studies examined blood pressure and lactate as separate predictors of outcome [4]. Standard care bundles also 
treat them as parallel goals rather than a combined clinical state. Very few researchers have merged these parameters into a 
specific phenotype to test its predictive value across different hospital databases. Furthermore, the biological mechanisms 
behind HMD remain debated. Persistent high lactate despite normal blood pressure might indicate poor microcirculatory flow, 
mitochondrial damage, accelerated aerobic glycolysis, or an impaired ability to clear lactate.

Near-infrared spectroscopy (NIRS) offers a noninvasive way to measure regional tissue oxygen saturation (StO2). When combined 
with transpulmonary thermodilution (Pulse Indicator Continuous Cardiac Output, PiCCO) , doctors can access detailed volumetric 
measurements. These tools help reveal if HMD actually masks hidden tissue hypoxia. Therefore, we designed a sequential three-
cohort study. First, we developed and validated the HMD phenotype using the MIMIC-IV database [5]. Second, we externally 
validated our prediction model using the eICU-CRD database [6]. Third, we explored the biological basis of HMD using local clinical 
data collected from NIRS and PiCCO.

2. Objective

We aimed to determine if HMD independently predicts hospital mortality. We defined HMD as achieving blood pressure goals 
without metabolic recovery 6 hours into sepsis resuscitation. We also sought to externally validate this prediction model in a 
separate multicenter database. Finally, we wanted to evaluate if HMD correlates with regional tissue oxygen deficits in a specific 
mechanistic cohort.

3. Study Design

We conducted a prespecified sequential observational study using three distinct cohorts. First, we developed the phenotype and 
analyzed its association with outcomes using MIMIC-IV (version 3.1). Second, we validated the model and tested its transportability 
using eICU-CRD (version 2.0). Third, we explored underlying mechanisms using local clinical data. We froze all definitions, analysis 
timeframes, covariates, and statistical plans before starting the outcome modeling. We also locked the MIMIC-IV model coefficients 
before applying them to the eICU-CRD data. We kept the three cohorts separate and did not calculate a pooled P value. We 
followed STROBE and RECORD guidelines for reporting our findings [7].

4. Methods

4.1 Data Sources and Populations

MIMIC-IV is a de-identified database from a single critical care center. We included adult patients aged 18 or older during their first 
ICU admission. These patients met the Sepsis-3 criteria, defined as a suspected infection combined with a SOFA score increase of 
2 or more points. We set the index time as the first moment a patient received vasopressors while having a lactate level above 2 
mmol/L within a prespecified 6-hour window. We excluded patients who died before the 6-hour mark to prevent immortal time 
bias.

The eICU-CRD is a deidentified multicenter database. We applied the MIMIC-IV eligibility rules to this cohort as closely as 
possible, harmonizing the SOFA scores and Charlson Comorbidity Index definitions between datasets. Our local cohort enrolled 
consecutive adult Sepsis-3 patients. We required these patients to have complete records of blood pressure, lactate, and StO2. 
We restricted the primary mechanistic analysis to patients with documented septic shock. The Research Ethics Committee of The 
Fifth People’s Hospital of Chongqing approved this study (Approval No: 2026CQSDWRMYYEC-Iw001, February 14, 2026).

4.2 HMD Classification

We used T0 to denote the start of resuscitation. The T0 lactate was the value recorded closest to the index time, allowing a margin 
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of 2 hours. The T0 MAP was the median value recorded within 1 hour of the index time. We assessed follow-up values at 6 hours (T6). 
The T6 lactate was the value closest to the 6-hour mark. The T6 MAP was the median value between hours 5 and 7.

We defined blood pressure recovery as a MAP of at least 65 mm Hg at T6. We defined metabolic recovery as a T6 lactate of 2 mmol/
L or lower, or a relative lactate decrease of at least 20% from T0. Based on these targets, we assigned patients to four mutually 
exclusive states. State A represented full recovery of both blood hemodynamic and metabolism. State B represented blood 
hemodynamic recovery without metabolic recovery (HMD). State C represented metabolic recovery without blood hemodynamic 
recovery. State D meant the patient achieved neither target. Our primary analysis compared State B to State A.

4.3 Variables and Outcomes

We adjusted for several covariates, including age, sex, T0 SOFA score, Charlson Comorbidity Index, T0 lactate, and baseline 
creatinine. We also accounted for invasive mechanical ventilation, liver disease, and vasopressor doses converted to 
norepinephrine equivalents. The main outcome for the database cohorts was all-cause hospital mortality after the 6-hour 
landmark. We evaluated 28-day mortality as a secondary outcome. For the local cohort, the primary mechanistic outcome was the 
composite StO2 at 24 hours. We calculated this as the equally weighted mean of cerebral, periumbilical, and peripheral readings.

4.4 Statistical Analysis

In the MIMIC-IV dataset, we estimated the association between HMD and mortality using binomial generalized linear models with 
a logit link. Our prespecified adjustment variables included HMD State B, age, sex, T0 SOFA score, Charlson Comorbidity Index, 
T0 lactate, invasive ventilation, creatinine levels, liver disease status, norepinephrine equivalent dose, and the number of active 
vasopressors. We reported the adjusted odds ratio for State B compared to State A. We evaluated model discrimination using the 
area under the curve (AUC) and the Brier score. Internal validation involved 500 bootstrap resamples.

We applied the exact same model structure to the eICU-CRD dataset. We used hospital cluster-robust standard errors to account 
for the multicenter design. To test transport validation, we applied the fixed MIMIC-IV linear predictor to the eICU-CRD data 
without recalculating any coefficients. In the local cohort, we evaluated the 24-hour composite StO2 using analysis of covariance. 
We adjusted this model for baseline tissue oxygenation, age, baseline SOFA score, and T0 lactate. We controlled the false discovery 
rate (FDR) for multiple comparisons using the Benjamini-Hochberg method. We performed all statistical analyses in Python 3.12 
and created figures using R 4.6.1. All statistical tests were two-sided with an alpha level of 0.05.

5. Results

5.1 Study Populations

We initially identified 8,092 patients in MIMIC-IV who met our feasibility criteria. Out of these, 4,409 patients were evaluable for the 
outcome analysis. This group included 1,873 patients in State A, 1,732 in State B, 328 in State C, and 476 in State D. Our primary 
complete case model included 2,169 patients and 785 deaths. In the eICU-CRD database, the external validation analysis included 
648 evaluable patients from 78 different hospitals (280 in State A; 368 in State B). Our local cohort ultimately analyzed 55 patients 
who met the strict criteria for septic shock (23 in State A; 32 in State B) (Figure 1 Table 1).
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Figure 1. Study architecture and analysis populations. Flow of participants through the MIMIC-IV development cohort, eICU-CRD 
external-validation cohort, and local NIRS mechanistic cohort. HMD, Hemodynamic-metabolic discordance; NIRS, near-infrared 
spectroscopy; ANCOVA, analysis of covariance.

Table 1. Baseline Characteristics at T0 of Patients in HMD States A and B Across Cohorts

Panel A. MIMIC-IV development cohort

Panel B. eICU-CRD external-validation cohort
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Panel C. Local NIRS mechanistic cohort

Data are mean (SD), median [interquartile range], or n/N (%). Values after semicolons indicate the nonmissing sample size when 
a continuous variable was incomplete. Absolute standardized mean differences (SMDs) are reported; no baseline hypothesis tests 
were performed. MAP, mean arterial pressure; SOFA, Sequential Organ Failure Assessment; StO2, tissue oxygen saturation; SVRI, 
systemic vascular resistance index; EVLWI, extravascular lung water index; GEDVI, global end-diastolic volume index; NIRS, near-
infrared spectroscopy.

5.2 Association Between HMD and Mortality in MIMIC-IV

In the MIMIC-IV cohort, hospital mortality reached 21.3% for State A and 38.5% for State B. State B strongly predicted higher 
hospital mortality. The adjusted OR was 1.93 (95% CI 1.59–2.34; P < 0.001). This resulted in an absolute risk difference of 13.1 
percentage points. We found consistent results when using multiple imputation methods and inverse probability weighting. 
Incorporating the HMD state into our baseline clinical model improved the AUC from 0.717 to 0.732. After correcting for optimism 
through bootstrapping, the final model AUC stood at 0.724 (Table 2 Figure 2).

OR, odds ratio; CI, confidence interval; IPOW, inverse probability of observation weighting; pp, percentage points.

5.3 External Validation in eICU-CRD

In the eICU-CRD dataset, hospital mortality was 23.6% for State A and 50.3% for State B. Our complete case model showed that 
State B correlated with significantly higher odds of death (adjusted OR 3.23; 95% CI 1.79–5.83; P < 0.001). When we applied 
the locked MIMIC-IV prediction model to the eICU-CRD data without altering the coefficients, the AUC reached 0.757. A simple 
intercept recalibration improved the Brier score to 0.197 (Table 3 Figure 2).

Table 2. MIMIC-IV Association and Sensitivity Analyses
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OR, odds ratio; CI, confidence interval; IPOW, inverse probability of observation weighting; AUC, area under the receiver operating 
characteristic curve. The AUC confidence interval used hospital-cluster bootstrap resampling.

Figure 2. Cross-cohort mortality associations and model discrimination. (A) Odds ratios for mortality comparing HMD state B with 
state A. Estimates were 1.93 (95% CI 1.59–2.34) in MIMIC-IV, 3.23 (95% CI 1.79–5.83) in eICU-CRD, and 1.36 (95% CI 0.38–5.12) in 
the local cohort. The local estimate was exploratory and is displayed with an open symbol and dashed interval. The vertical line 
denotes an odds ratio of 1. (B) Model discrimination in MIMIC-IV and transport performance in eICU-CRD. The frozen MIMIC-IV 
model achieved an AUC of 0.757 (hospital-cluster bootstrap 95% CI 0.696–0.804) in eICU-CRD. CI, confidence interval; AUC, area 
under the receiver operating characteristic curve.

5.4 Local NIRS-PiCCO Mechanistic Cohort

At the 24-hour mark, the adjusted estimated mean composite StO2 was 62.1% for State A and 60.8% for State B. The adjusted 
difference between the two states was − 1.33 percentage points, which was not statistically significant (95% CI − 4.52 to 1.87; P = 
0.408). We also found no significant differences in regional measurements across the cerebral, periumbilical, and peripheral sites 
after FDR correction. Among our exploratory thermodilution metrics, no parameter met the prespecified significance threshold 
after multiple comparison adjustments (Table 4 Figure 3).

Table 3. eICU-CRD External-Validation Results

Table 4. Local NIRS Mechanistic Results
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Differences in StO2 are expressed in percentage points for state B minus state A. CI, confidence interval; FDR, false discovery rate; 
NIRS, near-infrared spectroscopy; OR, odds ratio; StO2 , tissue oxygen saturation.

Figure 3. Local mechanistic results. (A) Covariate-adjusted mean 24-hour composite tissue oxygen saturation (StO2) according 
to HMD state at 6 hours. The adjusted state B minus state A difference was − 1.33 percentage points (95% CI − 4.52 to 1.87; P 
= 0.408). Error bars indicate 95% CIs. (B) Adjusted regional 24-hour differences for cerebral, periumbilical, and peripheral StO2. 
All Benjamini–Hochberg false-discovery-rate-adjusted P values exceeded 0.05. (C) Observed composite StO2 trajectories from 
baseline to 24 hours; points represent means and shaded bands represent 95% CIs. Panel C is descriptive and is not a repeated-
measures causal estimate.

5.5 Sensitivity Analyses

We verified the robustness of our findings in both large databases. The association between HMD and mortality remained stable 
even when we changed the lactate clearance thresholds to 10% or 30%. Altering the MAP targets to 60 or 70 mm Hg did not change 
the overall trend. The adjusted odds ratios ranged from 1.81 to 2.08 in MIMIC-IV and from 2.97 to 3.24 in eICU-CRD (Figure 4).
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Figure 4. Sensitivity analyses. (A) Adjusted mortality odds ratios in MIMIC-IV and eICU-CRD under alternative lactate-clearance, 
mean arterial pressure, and cohort definitions. The direction of association was consistent across database analyses. (B) Local 
adjusted 24-hour composite StO2 differences under prespecified alternative operational definitions. Confidence intervals crossed 
zero in all local analyses. Vertical reference lines denote an odds ratio of 1 in panel A and a mean difference of 0 in panel B.

6. Conclusion

Experiencing a disconnect between blood Hemodynamic recovery and metabolic improvement during early sepsis care 
independently predicts higher hospital mortality. We consistently observed this association across two large, independent patient 
databases. Furthermore, the prediction model transferred well to an external multicenter cohort, showing strong discrimination 
and calibration.

However, our local cohort analysis revealed that macroscopic tissue oxygen saturation does not significantly differ between 
these patient states. This suggests that the high mortality risk associated with HMD likely stems from other factors, such 
as microcirculatory failure, mitochondrial damage, or abnormal lactate processing. Identifying patients with HMD offers a 
straightforward way to assess risk at the bedside. It helps clinicians spot patients who seem stable based on blood pressure but 
still face a high risk of death. Future studies should investigate targeted interventions—such as microcirculatory optimization or 
metabolic modulation—for patients trapped in this discordant state.
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HMOX1 Ameliorates Sepsis-Induced Acute Lung Injury by Suppressing a Single-
Cell-Defined Pathogenic Slc11a1-High Macrophage Subpopulation

Abstract

Background

Sepsis-induced acute lung injury (ALI) is characterized by severe alveolar damage, immune dysfunction, and high mortality. 
Although alveolar macrophages are central to pulmonary inflammation, the specific macrophage subsets responsible for driving 
excessive inflammation in the septic microenvironment are not fully understood. Here, we investigate how the cytoprotective 
enzyme heme oxygenase-1 (HMOX1) regulates macrophage heterogeneity to alleviate septic ALI.

Methods: We mapped the pulmonary immune landscape of septic ALI mice (cecal ligation and puncture model) using single-
cell RNA sequencing (scRNA-seq) and pseudotime trajectory analysis. Molecular docking and dynamics simulations were used to 
evaluate HMOX1-target interactions, with cross-validation in human clinical transcriptomic datasets. In vivo mechanisms were 
validated using the HMOX1 agonist hemin and HO-1 knockout mice, supported by histopathology, immunofluorescence, and 
Western blotting.

Results: ScRNA-seq revealed a distinct, early-responding pathogenic macrophage subpopulation characterized by high Slc11a1 
expression, which is closely linked to early pro-inflammatory cascades. Molecular dynamics simulations demonstrated a stable, 
direct binding interaction between HMOX1 and SLC11A1. This interaction aligns with their concurrent dysregulation observed in 
clinical sepsis samples. In vivo, hemin-mediated HMOX1 activation suppressed the expansion of these Slc11a1-high macrophages, 
reducing pulmonary edema, reactive oxygen species (ROS) accumulation, and cellular apoptosis. Conversely, HO-1 knockout mice 
exhibited massive infiltration of this pathogenic subset, leading to more severe lung lesions and poorer survival.

Conclusions: HMOX1 interacts directly with SLC11A1 to block differentiation and proliferation of harmful Slc11a1-high 
macrophages, exerting potent protective effects against sepsis-triggered ALI.

Introduction

Sepsis is defined as a life-threatening organ dysfunction triggered by a dysregulated host response to infection (1). Due to its 
extensive capillary network and direct environmental exposure, the lung is exceptionally vulnerable during sepsis, making acute 
lung injury (ALI) and acute respiratory distress syndrome (ARDS) leading causes of mortality in intensive care units worldwide (2, 3). 
The pathophysiology of sepsis-induced ALI involves a complex cascade of increased alveolar-capillary permeability, protein-rich 
pulmonary edema, and widespread apoptosis of pulmonary cells (4, 5). Notably, this severe tissue destruction is predominantly 
driven by a "cytokine storm" resulting from hyperactive innate immune cells(6).

Within the pulmonary immune system, macrophages play a paradoxical role: they initiate the inflammatory response but are 
equally critical for coordinating tissue repair(7). Traditionally, macrophage activation has been categorized using a simplified 
binary model—the pro-inflammatory M1 and anti-inflammatory M2 phenotypes(8, 9). However, this in vitro-derived classification 
fails to accurately capture the high phenotypic plasticity and continuous transcriptomic states of macrophages within the 
dynamic in vivo septic microenvironment(10, 11). Although single-cell RNA sequencing (scRNA-seq) now allows for high-resolution 
mapping of cellular heterogeneity(12), the specific macrophage subpopulations driving irreversible tissue injury in septic ALI, and 
their dynamic polarization trajectories, remain poorly defined(13, 14).

At the molecular level, Solute Carrier Family 11 Member 1 (Slc11a1), a divalent metal ion transporter localized on the macrophage 
lysosomal membrane, is crucial for innate antimicrobial immunity(15, 16). However, its persistent overexpression disrupts 
intracellular iron homeostasis, fueling the Fenton reaction and excessive reactive oxygen species (ROS) production, which 
subsequently hyperactivates pro-inflammatory pathways such as NF-κB(17, 18). Conversely, Heme Oxygenase-1 (HMOX1/HO-1), 
an endogenous stress-inducible enzyme, confers potent cytoprotection (19). By degrading free heme, HMOX1 mitigates pulmonary 
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edema and improves survival in septic mice (20). Indeed, our previous laboratory work has established the multifaceted protective 
roles of HMOX1 in sepsis-induced ALI, demonstrating that it mitigates Golgi stress in macrophages(21) and suppresses MAPK-
driven inflammation(22).

Building on this foundation, we hypothesized that HMOX1 mitigates septic ALI by actively targeting and regulating specific, highly 
pathogenic macrophage subpopulations. To address this, the present study utilizes scRNA-seq to construct a high-resolution 
immune map of sepsis-induced ALI to identify the core macrophage subset driving excessive inflammation. Furthermore, 
we systematically investigate the previously unexplored molecular interplay between HMOX1 and SLC11A1, elucidating the 
mechanisms underlying HMOX1-mediated immunometabolic regulation.

Materials and Methods

Animal Models and Ethical Approval

Wild-type (WT) male C57BL/6J mice (6–8 weeks old) and HMOX1 whole-gene knockout (HO-1-/-) mice sharing the same genetic 
background were obtained from Speford (Beijing) Biotechnology Co., Ltd. Mouse genotypes were confirmed via PCR prior to 
experimentation. All animal procedures strictly adhered to the guidelines established by the Tianjin Medical Experimental Animal 
Care Center and received approval from the Animal Ethical and Welfare Committee of Tianjin Nankai Hospital (Approval No: NKYY-
DWLL-2024-045). All procedures were performed in compliance with the ARRIVE 2.0 guidelines. Mice were housed under standard 
specific pathogen-free (SPF) laboratory conditions (12-h light/dark cycle, 22 ± 2° C, 50–60% humidity) with ad libitum access to 
food and water.

Sepsis-induced ALI was induced via the standard Cecal Ligation and Puncture (CLP) model. Briefly, under continuous anesthesia 
(2% isoflurane inhalation), the cecum was exteriorized, ligated at the midpoint between the distal pole and the base with a 3-0 silk 
suture, and subjected to a single through-and-through puncture with a 20G sterile needle. A small droplet of feces was extruded 
to ensure a consistent, polymicrobial infection. Sham-operated control mice underwent laparotomy and bowel exteriorization 
without ligation or puncture. Post-surgery, all mice received immediate fluid resuscitation via subcutaneous injection of pre-
warmed physiological saline (5 mL/100 g body weight). Post-operative analgesics were withheld to avoid confounding effects on 
the immunological and inflammatory responses under investigation.

Where indicated, mice were intraperitoneally administered the HMOX1 agonist Hemin (50 mg/kg, dissolved in 0.1 M NaOH and 
neutralized to pH 7.4 with HCl) 1 h prior to CLP surgery. Lung tissues were harvested 24 h post-surgery for downstream analyses. 
At the experimental endpoint, mice were euthanized by cervical dislocation under deep anesthesia (5% isoflurane).

Single-Cell RNA Sequencing (scRNA-seq) and Bioinformatics

Freshly harvested lung tissues were mechanically minced into approximately 1 mm³ pieces and subjected to enzymatic digestion 
using the automated Singleron PythoT® system (37° C, 15 min). Following erythrocyte depletion with GEXSCOPE® RBC lysis buffer, 
the resulting single-cell suspensions were adjusted to a concentration of 2 × 105 cells/mL. To ensure high-quality sequencing 
inputs, only cell suspensions exceeding 90% viability (assessed via trypan blue exclusion) proceeded to library construction. 
Sequencing libraries were prepared utilizing the GEXSCOPE® Single-Cell RNA Library Kit and sequenced on the Illumina NovaSeq 
6000 platform (PE150 strategy).

Downstream transcriptomic analyses were performed in R (v4.4.1) utilizing the Seurat package (v4.4.3). To guarantee a robust 
dataset, rigorous quality control filters were applied: cells were excluded if they presented <200 or >98th percentile total detected 
genes, displayed abnormally high Unique Molecular Identifier (UMI) counts, or exhibited >25% mitochondrial transcript ratios. 
To construct a high-fidelity integrated single-cell atlas, we combined Canonical Correlation Analysis (CCA) and Mutual Nearest 
Neighbors (MNN) algorithms, which efficiently regress out batch effects across biological replicates.

Dimensionality reduction was performed using Uniform Manifold Approximation and Projection (UMAP), and cellular identities 
were established through a consensus approach combining the SingleR pipeline (v1.4.0) with expert-curated canonical markers. 
Differentially expressed genes (DEGs) were rigorously identified using the Wilcoxon rank-sum test (adjusted P < 0.05, |log2FC| > 
0.25). Finally, to reconstruct the in vivo developmental and activation pathways of pathogenic macrophages within the septic 



CCCC 2026     0173

microenvironment, pseudotime trajectory mapping was strategically executed using both Monocle2 and Monocle3.

Molecular Docking and Molecular Dynamics (MD) Simulations

To investigate the structural basis of the novel HMOX1-SLC11A1 interaction, three-dimensional structures of human HMOX1 (PDB 
ID: 6EHA) and SLC11A1 (PDB ID: 9F6P) were retrieved from the Protein Data Bank. Global rigid-body protein-protein docking was 
executed locally using HDOCKlite (v1.1). The optimal binding conformation, selected based on a high confidence score (> 0.7), was 
further analyzed to map interfacial non-covalent interactions via the PLIP platform and visualized in PyMOL (v2.5.4).

To validate the dynamic stability of this protein-protein complex under physiological conditions, we performed 100-ns MD 
simulations utilizing the GROMACS 2022 suite, parameterized with the AMBER14SB force field and the TIP3P water model. The 
simulation box was neutralized and adjusted to a physiological ionic strength of 0.15 M NaCl. After thorough energy minimization 
(steepest descent algorithm, 50,000 steps) and standard equilibration phases, the production run was conducted in an NPT 
ensemble (310 K, 1 bar) with a 2 fs integration step. We monitored the structural integrity and interaction dynamics of the complex 
by extracting trajectories for Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Radius of Gyration (Rg), 
Solvent Accessible Surface Area (SASA), and dynamic hydrogen bond populations. Finally, the thermodynamic binding affinity was 
quantified by calculating the binding free energy using the MM-PBSA method.

Histopathology and Immunofluorescence

To assess severe architectural damage, harvested lung tissues were fixed in 4% paraformaldehyde (24 h, 4 ° C), paraffin-
embedded, and sectioned at 4 μm. Hematoxylin and Eosin (H&E) staining was performed, and tissue injury was quantified 
using a standardized Lung Injury Score (LIS; scale 0–4) based on the severity of alveolar hemorrhage, interstitial edema, 
neutrophil infiltration, and fibrin exudation. To eliminate observation bias, scoring was performed independently by two blinded 
pathologists.

To visualize the in situ spatial relationship between HO-1 and SLC11A1, sections were subjected to double immunofluorescence 
(dIF). Following standard heat-induced antigen retrieval (citrate buffer, pH 6.0, 95 ° C, 20 min) and permeabilization (0.3% Triton 
X-100, 10 min), sections were blocked with 5% bovine serum albumin (BSA) supplemented with a Mouse-on-Mouse (M.O.M.) 
blocking reagent for 1 h to eliminate non-specific binding of endogenous mouse IgG. Sections were then co-incubated overnight 
at 4 ° C with primary antibodies against HO-1 (Rabbit, 1:200; Abcam, ab13243) and SLC11A1 (Mouse, 1:100; Thermo Fisher, PA5-
21346). Corresponding fluorophore-conjugated secondary antibodies (FITC-conjugated goat anti-rabbit IgG and Cy3-conjugated 
goat anti-mouse IgG; both 1:500) were subsequently applied for 1 h at room temperature. Nuclei were counterstained with DAPI (1 
μg/mL), and representative images were captured via a Leica TCS SP8 confocal laser scanning microscope.

Furthermore, to monitor pulmonary oxidative stress, Reactive Oxygen Species (ROS) accumulation was detected on 8 μm 
frozen sections employing a Dihydroethidium (DHE) fluorescent probe (10 μmol/L, 30 min, 37 ° C, protected from light). Finally, 
in situ cellular apoptosis was mapped utilizing a robust TUNEL assay kit (Roche, 11684817910) subsequent to proteinase K 
permeabilization (20 μg/mL, 15 min, 37° C).

Western Blot Analysis

To evaluate the protein expression profiles of the HMOX1/SLC11A1 axis, total protein was extracted from lung tissues utilizing 
RIPA lysis buffer (Beyotime, P0013B) supplemented with both protease (Roche, 04693132001) and phosphatase inhibitors (Roche, 
04906845001). After quantifying protein concentrations via the BCA assay (Thermo Fisher, 23225), equal amounts of denatured 
protein (30 μg per lane) were resolved on 12% SDS-PAGE gels and electrotransferred onto 0.45 μm PVDF membranes (Millipore, 
IPVH00010). To minimize non-specific background signals, membranes were blocked with 5% non-fat milk in TBST for 1 h at room 
temperature.

The membranes were then probed overnight at 4 ° C with specific primary antibodies against HO-1 (Rabbit, 1:1000; Abcam, 
ab13243), SLC11A1 (Mouse, 1:500; Thermo Fisher, PA5-21346), and β-actin (Rabbit, 1:5000; Abcam, ab8227) as the internal loading 
control. Following a 1-h incubation with the corresponding HRP-conjugated secondary antibodies (1:5000, room temperature), 
immunoreactive signals were developed utilizing an ECL substrate (Thermo Fisher, 32106) and quantified densitometrically via 
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ImageJ software (v1.53k).

Validation in Human Clinical Cohorts

To determine whether the HMOX1/SLC11A1 regulatory axis observed in our murine model accurately reflects human pathology, 
we analyzed transcriptomic data from human peripheral blood mononuclear cells (PBMCs). Clinical datasets comprising critically 
ill sepsis patients and healthy donors were retrieved from the Gene Expression Omnibus (GEO) database (Accession: GSE279452). 
Standardized expression matrices were downloaded and processed utilizing the GEOquery R package (v2.66.0). This approach 
enabled the precise extraction and comparative analysis of HMOX1 and SLC11A1 mRNA expression levels across the distinct 
clinical cohorts.

Statistical Analysis

Data for continuous variables are expressed as the mean ± standard deviation (SD). Prior to analytical testing, data distribution 
normality and variance homogeneity were confirmed employing the Shapiro-Wilk and Levene's tests, respectively. Comparisons 
between two independent groups were evaluated using an unpaired Student's t-test, whereas multi-group comparisons were 
analyzed utilizing a one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test. For non-normally distributed data, 
non-parametric equivalents such as the Mann-Whitney U or Kruskal-Wallis tests were applied.Survival curves were plotted using 
the Kaplan-Meier method and statistically compared via the log-rank (Mantel-Cox) test. All statistical analyses and graphical 
visualizations were performed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA). Statistical significance was 
defined as P < 0.05. To ensure reproducibility, all in vitro and in vivo experiments were independently replicated a minimum of 
three times.

Results

Result 1 Mapping the Single-Cell Landscape of the Septic Lung Microenvironment

To characterize the dynamic cellular alterations during sepsis-induced ALI, we performed scRNA-seq on lung tissues harvested 
from Sham and CLP-treated mice (Fig. 1A). Unsupervised UMAP clustering defined 10 major cell lineages (Fig. 1B). The accuracy 
of these cellular annotations was confirmed by the distinct transcriptomic signatures and top differentially expressed marker 
genes unique to each lineage (Supplementary Figure S1). Overall cellular proportions highlighted neutrophils and mononuclear 
phagocytes as the predominant immune infiltrates (Fig. 1D). The induction of sepsis triggered a profound restructuring of the 
pulmonary immune niche. Notably, we observed a massive expansion of neutrophils concomitant with a marked depletion of B 
cells (Fig. 1C). 

Interestingly, while other immune populations fluctuated drastically, the mononuclear phagocyte system (MPS) maintained a 
highly consistent proportional representation across both control and CLP samples (Fig. 1E). This stable presence amidst severe 
inflammation prompted us to further investigate the internal heterogeneity of this lineage. Subsequent high-resolution sub-
clustering of the MPS compartment delineated classical and non-classical monocytes, macrophages, and specific dendritic cell 
subsets (Fig. 1F), culminating in a refined 14-cluster immune atlas of the septic lung (Fig. 1G).
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Figure 1. Single-cell transcriptomic landscape of the murine lung during sepsis-induced acute lung injury. (A) Schematic 
illustration of the experimental design. Lung tissues from Sham (CON) and CLP-treated mice were harvested 24 h post-surgery 
for single-cell RNA sequencing (scRNA-seq). (B) Uniform Manifold Approximation and Projection (UMAP) plot visualizing the 
10 major cell lineages identified in the integrated pulmonary dataset. (C) Stacked bar chart showing the dynamic proportional 
changes of the 10 major cell lineages between the CON and CLP groups. (D) Pie chart detailing the overall percentage distribution 
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of the major cell populations across all samples. (E) Relative abundance of the major cell lineages across individual biological 
replicates (CON1-3 and CLP1-3), highlighting the proportional stability of the mononuclear phagocyte system (MPS). (F) High-
resolution UMAP plot of the sub-clustered MPS compartment, delineating seven distinct immune subsets including classical/non-
classical monocytes, macrophages, and specific dendritic cell (DC) populations. (G) Comprehensive UMAP plot presenting the 
final 14-cluster pulmonary single-cell atlas, stratified by treatment condition (CON vs. CLP). Abbreviations: CLP, cecal ligation and 
puncture; CON, control (Sham); UMAP, uniform manifold approximation and projection.

Result 2 Identification of a Pathogenic, Slc11a1-High Macrophage Subpopulation

To dissect macrophage heterogeneity during sepsis, we computationally subsetted the macrophage population. The high 
purity of this isolated compartment was confirmed by the widespread expression of the canonical macrophage marker Cd68 
(Supplementary Figure S2A). Secondary unsupervised clustering delineated 8 transcriptionally distinct subclusters (Fig. 2A). The 
biological validity of this sub-clustering was robustly supported by transcriptomic profiling, which demonstrated distinct, non-
overlapping gene expression signatures for each of the 8 subsets (Supplementary Figure S2B). Compositional analysis revealed a 
marked shift in the macrophage compartment following CLP. Specifically, Subclusters 2 (Mac2) and 3 (Mac3) exhibited significant 
disease-associated expansion, supported by both relative proportional increases and an observed-to-expected (Ro/e) ratio > 1 (Fig. 
2B, C).

To understand the functional specialization of these expanded subsets, we performed Gene Ontology (GO) functional 
enrichment. Strikingly, Mac3 was highly enriched for hyper-inflammatory pathways, including the positive regulation of cytokine 
production and leukocyte chemotaxis (Fig. 2F). This specialized transcriptomic signature strongly implicates Mac3 as a core 
initiator of the septic inflammatory cascade. Furthermore, unbiased differential gene expression analysis identified the divalent 
metal transporter Slc11a1 as the defining marker for Mac3, with its expression spatially restricted almost exclusively to this 
specific pathogenic subpopulation (Fig. 3A). Quantitative distribution analysis further confirmed that Slc11a1 expression was 
overwhelmingly enriched in Mac3 compared to all other macrophage subclusters (Supplementary Figure S2C).
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Figure 2. Identification and functional characterization of macrophage heterogeneity in the septic lung.

(A) UMAP visualization of the computationally isolated macrophage compartment, delineating 8 transcriptionally distinct 
subclusters (Mac1-8). (B) Stacked bar plot illustrating the relative proportional distribution of the 8 macrophage subclusters 
across individual Control (Sham) and CLP biological replicates. (C, D) Quantitative analysis of compositional shifts, including 
the observed-to-expected (Ro/e) ratios (C) and cellular abundance variations (D), highlighting the profound disease-associated 
expansion of specific subsets (e.g., Mac2 and Mac3) following CLP induction. 

(E-H) Gene Ontology (GO) functional enrichment analysis of differentially expressed genes defining key macrophage subclusters. 
Notably, panel (F) demonstrates the profound enrichment of hyper-inflammatory and chemotactic pathways (e.g., positive 
regulation of cytokine production, leukocyte chemotaxis) specifically within the pathogenic Mac3 subpopulation.

Result 3 Pseudotime Trajectory Positions the Slc11a1-High Subpopulation as an Early Initiator

To delineate the developmental dynamics of these macrophages during sepsis, we performed pseudotime trajectory inference. 
Trajectory analysis revealed that the highly pro-inflammatory Mac3 subpopulation localized predominantly at the root of the 
differentiation trajectory (Pseudotime ≈ 0) (Fig. 3B-D). This unique spatial positioning aligned perfectly with the algorithm-
defined initial cellular state (Supplementary Figure S3A). Furthermore, faceted trajectory and density analyses confirmed that 
cells clustering at this early developmental root were heavily enriched in the CLP group, underscoring their rapid, disease-specific 
emergence (Supplementary Figure S3B, C).

This positioning suggests that Mac3 represents an acute, early-responder state rather than a terminally differentiated or 
exhausted phenotype. Consistently, the expression signal of Slc11a1 aligned closely with this trajectory origin (Fig. 3E). Dynamic 
gene expression modeling along the pseudotime axis further revealed a distinct cluster of critical pro-inflammatory chemokines 
(including Ccl3 and Ccl4). These genes exhibited an early burst of high expression at the onset of pseudotime—concurrent with 
the emergence of the Mac3 population—before being subsequently downregulated as differentiation progressed (Supplementary 
Figure S3D). Together, these trajectory dynamics support the hypothesis that the Slc11a1-high subpopulation serves as an early 
cellular initiator of the septic inflammatory cascade.
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Figure 3. Pseudotime trajectory inference of pulmonary macrophages and clinical validation of the HMOX1/SLC11A1 
axis.

(A) UMAP feature plot visualizing the highly specific and spatially restricted expression of the divalent metal transporter Slc11a1 
within the pathogenic macrophage subpopulation. (B-D) Pseudotime trajectory analysis mapping the developmental dynamics 
of the macrophage compartment. The cellular differentiation trajectory is visualized by pseudotime progression (B), faceted by 
individual macrophage subclusters (C), and colored by distinct cluster identities (D), demonstrating the predominant localization 
of the pathogenic subset at the developmental root (Pseudotime ≈ 0). (E) Trajectory plot illustrating the dynamic expression of 
Slc11a1 along the pseudotime axis, confirming its acute, early-onset upregulation at the trajectory origin. (F-H) Cross-species 
clinical validation utilizing human peripheral blood mononuclear cell (PBMC) transcriptomics. UMAP projection annotating major 
human immune cell lineages (F), alongside corresponding feature plots revealing the spatially coupled enrichment of HMOX1 (G) 
and SLC11A1 (H) specifically within the human monocyte/macrophage lineage. (I) Heatmap comparing the average expression 
levels of HMOX1 and SLC11A1 between healthy controls and clinical sepsis patients, validating their synchronized dysregulation in 
human sepsis.

Result 4  HMOX1 and SLC11A1 Exhibit Direct Molecular Interaction and Coupled Clinical Dysregulation

Protein-protein interaction (PPI) network analysis initially suggested a functional relationship between HMOX1 and SLC11A1. 
This was supported by their spatially coupled upregulation within the pathogenic Mac3 macrophage subpopulation (Fig. 4A, B). 
To structurally characterize this interaction, we performed molecular docking. The predicted complex revealed a stable three-
dimensional interface driven by critical non-covalent interactions, including specific hydrogen bonds (e.g., HMOX1 ARG-113 to 
SLC11A1 TRP-59) and salt bridges (e.g., SLC11A1 ARG-226 to HMOX1 ASP-156) (Fig. 4C).

To evaluate the dynamic conformational stability of the HMOX1-SLC11A1 complex in an aqueous environment, we conducted a 
100-ns molecular dynamics (MD) simulation. The complex demonstrated robust structural stability, as evidenced by the Root Mean 
Square Deviation (RMSD) converging and stabilizing at approximately 3.8 Å (Fig. 4D). Complementary geometric metrics, including 
the Radius of Gyration (Rg) and Solvent Accessible Surface Area (SASA), alongside sustained hydrogen bond networks and low 
Root Mean Square Fluctuation (RMSF) profiles, collectively verified the structural compactness and interaction consistency over 
the simulation trajectory (Fig. 4E-I).

Finally, comprehensive thermodynamic MM-PBSA calculations yielded a highly favorable total binding free energy () of − 47.6 
kcal/mol, confirming a potent binding affinity (Supplementary Table S1; Fig. 4J). Per-residue free energy decomposition further 
revealed that this robust stability is predominantly driven by strong electrostatic contributions from key anchor residues, notably 
ARG-108, ARG-226, and GLU-215 (Supplementary Table S2; Fig. 4K).

Crucially, analysis of human PBMC transcriptomics (GSE279452) validated the clinical relevance of this axis: both SLC11A1 and 
HMOX1 mRNAs were significantly upregulated in clinical sepsis patients compared to healthy donors, exhibiting synchronized 
dysregulation specifically within the monocyte/macrophage lineages (Fig. 3F-I).
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Figure 4. Structural basis and molecular dynamics of the HMOX1-SLC11A1 interaction.

(A) Protein-protein interaction (PPI) network analysis predicting a direct functional relationship between HMOX1, SLC11A1, 
and other iron metabolism-associated proteins. (B) UMAP feature plot visualizing the expression pattern of Slc11a1 across 
the macrophage subclusters. (C) 3D structural model of the HMOX1-SLC11A1 complex generated via molecular docking. The 
magnified inset details the critical non-covalent interactions at the binding interface, highlighting specific anchoring hydrogen 
bonds and salt bridges between key amino acid residues. (D–I) A 100-ns molecular dynamics (MD) simulation assessing the 
dynamic conformational stability of the docked complex in an aqueous environment. Structural integrity is validated by (D) Root 
Mean Square Deviation (RMSD), (E) Radius of Gyration (Rg), (F) Solvent Accessible Surface Area (SASA), (G) the fluctuation of 
intermolecular hydrogen bond numbers, and the Root Mean Square Fluctuation (RMSF) profiles for (H) SLC11A1 and (I) HMOX1. (J) 
Thermodynamic analysis detailing the individual energy components and the highly favorable total binding free energy calculated 
using the MM-PBSA method. (K) Per-residue free energy decomposition profile identifying the specific amino acids that contribute 
most significantly to the interaction affinity between HMOX1 and SLC11A1. 

Result 5  Pharmacological Activation of HMOX1 Abrogates Slc11a1-Mediated ALI

To validate the regulatory impact of HMOX1 in vivo, we administered Hemin, a potent HMOX1 agonist, to CLP-treated mice. 
Western blot and qPCR analyses confirmed that Hemin treatment markedly upregulated HO-1 expression while simultaneously 
suppressing the CLP-induced surge in Slc11a1 protein and mRNA levels (Fig. 5A-C). 

Histopathologically, Hemin administration significantly mitigated lung damage, as evidenced by reduced alveolar architectural 
collapse, decreased septal thickening, and lower overall Lung Injury Scores (LIS) compared to the CLP group (Fig. 5D, E). 
Consistently, Kaplan-Meier survival analysis showed that the activation of the HMOX1/SLC11A1 axis significantly improved the 
survival rate of septic mice (Fig. 5F). 

Given that Slc11a1 overexpression potentially drives iron-mediated oxidative stress, we further evaluated pulmonary redox status 
and cell death. DHE staining revealed that Hemin treatment effectively reduced the massive ROS accumulation characteristic 
of septic lungs (Fig. 5G). Concomitantly, TUNEL staining demonstrated that this reduction in oxidative damage was associated 
with a substantial decrease in parenchymal cell apoptosis in the CLP+Hemin group (Fig. 5H). These findings suggest that HMOX1 
activation alleviates sepsis-induced ALI by counteracting Slc11a1-driven oxidative injury and subsequent cell death.
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Figure 5. Pharmacological activation of HMOX1 mitigates Slc11a1-mediated acute lung injury.

(A) Western blot analysis of HO-1 and its downstream target Slc11a1 protein expression levels in lung tissues across the 
experimental groups (Control, Control+Hemin, CLP, and CLP+Hemin).(B, C) Relative densitometric quantification of HO-1 (B) and 
Slc11a1 (C) protein levels (n = 3 per group).

(D) Representative hematoxylin and eosin (H&E) staining images of lung tissues from each group. The bottom-left insets display 
whole-lung scans, indicating the corresponding magnified regions.(E) Semi-quantitative Lung Injury Score (LIS) based on the H&E-
stained sections. Statistical differences were assessed using the Mann-Whitney U test (P < 0.05, *P < 0.01, P < 0.001).(F) Kaplan-
Meier survival curves of the mice in the indicated groups (n = 15 per group).(G) In situ evaluation of reactive oxygen species (ROS) 
levels in lung tissues via DHE fluorescence staining. Red fluorescence indicates ROS accumulation, and blue DAPI staining indicates 
the nuclei.(H) TUNEL multiplex fluorescence assay evaluating parenchymal cell apoptosis in lung tissues. Green fluorescence 
indicates apoptotic cells with DNA fragmentation, and blue DAPI staining indicates the nuclei.

Result 6  HMOX1 Deletion Exacerbates Slc11a1 Overload and Pathogenesis

To further investigate the role of HMOX1, we subjected Hmox1 global knockout (Hmox1 ⁻ / ⁻ ) mice to the CLP model (Fig. 6A). 
In the absence of this endogenous regulatory checkpoint, Hmox1 ⁻ / ⁻ mice displayed a significantly enhanced, compensatory 
upregulation of Slc11a1 expression compared to wild-type (WT) CLP-treated mice (Fig. 6B, C). 

Consistent with this molecular phenotype, Hmox1 ⁻ / ⁻ mice exhibited significantly more severe lung injury, manifested as extensive 
alveolar consolidation and elevated Lung Injury Scores (LIS) (Fig. 6D, E). Furthermore, the lack of HMOX1-mediated protection 
led to markedly reduced survival rates in septic Hmox1 ⁻ / ⁻ mice compared to their WT counterparts (Fig. 6F). Mechanistically, the 
unrestricted Slc11a1 activity in Hmox1 ⁻ / ⁻ mice was associated with a more pronounced oxidative stress burden, as evidenced by 
intensified DHE staining (Fig. 6G), which preceded a dramatic increase in diffuse parenchymal cell apoptosis observed via TUNEL 
staining (Fig. 6H). These findings identify HMOX1 as a critical negative regulator of the Slc11a1-high pathogenic macrophage 
subpopulation, essential for maintaining pulmonary homeostasis during septic stress.
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Figure 6. Genetic ablation of Hmox1 releases the inhibition on Slc11a1 and exacerbates sepsis-induced oxidative stress, 
apoptosis, and acute lung injury.

(A–C) Representative Western blot images (A) and relative densitometric quantification of HO-1 (B) and Slc11a1 (C) protein levels 
in the lung tissues of wild-type (WT) and Hmox1 knockout (HO-1) mice subjected to sham or CLP surgery. -actin was used as the 
loading control. (D, E) Representative hematoxylin and eosin (H&E) staining of lung tissue sections (D) and the corresponding 
semi-quantitative Lung Injury Score (LIS) evaluation (E). The bottom-left insets in panel D display whole-lung lobe scans indicating 
the regions of magnification. Statistical differences for LIS were determined using the Mann-Whitney U test. (F) Kaplan-Meier 
overall survival curves of the mice over a 7-day observation period post-CLP (n = 15 per group). (G, H) Representative fluorescence 
images assessing the pulmonary microenvironment. Panel (G) shows dihydroethidium (DHE) staining evaluating in situ reactive 
oxygen species (ROS) accumulation (red fluorescence). Panel (H) displays multiplex TUNEL staining evaluating parenchymal cell 
apoptosis (green fluorescence indicating DNA fragmentation). Nuclei were counterstained with DAPI (blue) in both assays. Scale 
bar = 50 μm. *(Data in bar graphs are presented as mean ± SD, n = 3. *P < 0.05, P < 0.01, P < 0.001 vs. respective control groups).

Discussion

The pathophysiology of sepsis-induced acute lung injury (ALI) is closely linked to innate immune dysregulation. While broad-
spectrum immunosuppression has shown limited clinical efficacy, targeting specific hyper-inflammatory cellular subsets offers 
a more precise therapeutic strategy(23-25). In this study, we utilized single-cell transcriptomics to map the immune landscape 
of the septic lung, identifying a pathogenic macrophage subpopulation characterized by high Slc11a1 expression. Integrating 
computational modeling with in vivo functional assays, we demonstrated that the cytoprotective enzyme HMOX1 directly interacts 
with and inhibits SLC11A1, mitigating the iron-mediated oxidative stress that drives ALI progression.

Traditional in vitro binary M1/M2 macrophage polarization models often fail to capture the phenotypic plasticity present in 
vivo(10, 26). Our pseudotime trajectory analysis indicates that the Slc11a1-high (Mac3) subpopulation is not a terminal or 
exhausted state, but rather an early-responder phenotype located at the developmental root. This transcriptomic profile aligns 
with the acute clinical onset of Systemic Inflammatory Response Syndrome (SIRS) in sepsis, positioning Slc11a1 as a key initiator 
gene(27, 28).

Physiologically, Slc11a1 functions as a divalent metal transporter to restrict nutrient access for intracellular pathogens(29). During 
sepsis, however, its sustained upregulation contributes to metabolic dysfunction. Excessive cytosolic iron transport expands the 
labile iron pool, driving the Fenton reaction and promoting reactive oxygen species (ROS) accumulation(30-32). Our in vivo data 
position HMOX1 as a critical negative regulator of this cascade. Pharmacological HMOX1 activation attenuated Slc11a1 expression, 
reduced oxidative lung injury, and improved survival. Conversely, Hmox1 ablation removed this checkpoint, leading to unchecked 
Slc11a1 expression, exacerbated apoptosis, and increased mortality(33-35).

Molecular dynamics simulations provided a structural basis for this targeted inhibition, identifying a stable binding interface 
( − 47.6 kcal/mol) between HMOX1 and SLC11A1(36, 37). This direct physical interaction offers a mechanistic explanation for 
how HO-1 constrains Slc11a1 activity. Cross-validation with human clinical transcriptomics (GEO: GSE279452) suggests that this 
HMOX1/SLC11A1 regulatory axis is conserved and clinically relevant in human sepsis (38). Furthermore, HMOX1 has been reported 
to modulate macrophage polarization via endothelial exosomal miR-184-3p(39), adding another layer to its protective role against 
ALI. Collectively, these findings reinforce HMOX1 as a central node in sepsis-induced innate immune regulation.

Targeting specific macrophage subsets aligns with our ongoing research into precision immunometabolism in critical illness. We 
previously found that nicotinamide mononucleotide and alveolar epithelial-derived interleukin-17D alleviate endotoxin-induced 
ALI by modulating macrophage polarization and the Nrf2 pathway, respectively(40). Additionally, our work demonstrating that 
dexmedetomidine preserves mitochondrial dynamics via HIF-1α/HO-1 signaling highlights the interplay between HMOX1 and 
mitochondrial quality control (41). (Fig. 7)

In the broader context of anesthesiology and perioperative medicine, precision immunomodulation is gaining significant 
clinical traction. The identification of specific immune targets, such as plasmacytoid dendritic cells (pDCs)(42), alongside the 
immunomodulatory effects of perioperative interventions—including anesthetics—on inflammatory cell death(43, 44) and 
systemic neuroinflammation(45), emphasize the necessity for targeted, cell-specific therapies to improve critical care outcomes.
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Finally, several limitations should be noted. Although our computational and in vivo data support the HMOX1-mediated inhibition 
of SLC11A1, the exact molecular mechanism remains to be fully elucidated. It is unclear whether HMOX1 promotes SLC11A1 
degradation via direct protein-protein interactionor if its metabolic byproducts，such as carbon monoxide or biliverdin， 
exert transcriptional repression on the Slc11a1 promoter. Future studies utilizing Co-IP or ChIP-seq are required to resolve this. 
Additionally, in vivo lineage tracing is needed to determine whether the Slc11a1-high subpopulation originates from resident 
alveolar macrophages or recruited monocyte-derived macrophages.

Figure 7. Proposed mechanistic model of HMOX1-mediated regulation of Slc11a1-high macrophage-driven acute lung 
injury.

HMOX1 confers pulmonary protection by specifically targeting and inhibiting the differentiation and expansion of the pathogenic  
macrophage subpopulation. This suppression effectively neutralizes downstream ROS accumulation and mitigates cellular 
apoptosis, thereby preserving lung tissue integrity. Consequently, the HMOX1/SLC11A1 axis represents a promising, precision-
targeted therapeutic strategy for mitigating severe lung injury in critically ill patients.

Conclusions

This study challenges classical macrophage polarization paradigms by identifying a specific, early-acting Slc11a1-high pathogenic 
subpopulation that is a primary driver of sepsis-induced ALI. We establish that HMOX1 affords vital pulmonary protection by 
specifically targeting and inhibiting the differentiation and expansion of this subpopulation, effectively neutralizing downstream 
ROS accumulation and apoptosis. Modulating the HMOX1/SLC11A1 axis offers a highly promising, precision-targeted therapeutic 
intervention for severe lung injury in the critically ill.
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hucMSCs alleviate LPS-induced endothelial glycocalyx damage by secreting 
Cxcl12 to activate CXCR4

Abstract

Acute respiratory distress syndrome (ARDS) has a high clinical mortality rate and continues to draw research attention regarding 
its mechanisms and potential treatments. Disruption of the endothelial barrier is a primary pathological feature, and glycocalyx 
degradation is a key factor contributing to this disruption. hucMSCs exhibit strong anti-inflammatory and immunomodulatory 
effects, making their application in ARDS treatment an area of increasing interest. Proteomic screening identified Cxcl12 as 
a protein secreted by hucMSCs. In male C57 mice and cell models, LPS was used to induce injury, followed by interventions 
with hucMSCs or hucMSCs with silenced Cxcl12 to assess glycocalyx-related proteins SDC-1, HS, and the repair marker EXT-1. 
To evaluate downstream signaling, the CXCR4 receptor was inhibited and related indicators were examined. Silencing Cxcl12 
reduced the therapeutic effect of hucMSCs on LPS-induced glycocalyx damage. Inhibition of CXCR4 also weakened the effect of 
Cxcl12. These findings indicate that hucMSCs alleviate LPS-induced glycocalyx damage in pulmonary vascular endothelial cells by 
secreting Cxcl12, which activates the downstream receptor CXCR4, providing a therapeutic effect for ARDS.

Introduction

Sepsis is an inflammatory disease triggered by acute infection and can lead to multiple organ dysfunction and life-threatening 
conditions. It is a common cause of acute respiratory distress syndrome (ARDS). The primary pathological mechanism of ARDS 
is the disruption of the vascular endothelial barrier, which increases lung tissue permeability and leads to pulmonary edema. 
Clinical treatment relies mainly on mechanical ventilation support; however, this approach requires advanced medical resources 
and is associated with complications, such as respiratory tract infections. Consequently, investigating the pathogenesis of sepsis-
induced ARDS and identifying appropriate treatment strategies have emerged as critical issues in contemporary clinical and basic 
research. Establishing an animal model of acute lung injury (ALI) is a commonly utilized approach to study this condition.

The glycocalyx is essential for maintaining the endothelial barrier and enables material exchange at the endothelial surface. 
Damage to the structure and function of the endothelial glycocalyx is a key factor contributing to the heightened permeability of 
pulmonary capillary endothelium. The glycocalyx consists mainly of negatively charged proteins and polysaccharide complexes; 
its key components include the core protein syndecan-1 (SDC-1) and its heparan sulfate (HS) side chain. Because endothelial cells 
experience continuous shear stress, enzymes such as heparinase (HPA) and hyaluronidase (HAase) maintain the glycocalyx in a 
dynamic balance between degradation and repair. Exostosin-1 (EXT-1), a key enzyme in the synthesis of HS, plays an essential role 
in the glycocalyx repair process.

hucMSCs, a type of pluripotent stem cell, have attracted considerable interest for their therapeutic potential. Their wide 
availability, ease of expansion, low immunogenicity, and strong tissue repair capacity contribute to their suitability for 
translational research. hucMSCs demonstrate self-renewal and multidirectional differentiation, and they release cytokines, 
growth factors, and exosomes through paracrine activity. These factors play a crucial role in tissue repair, immune regulation, and 
anti-inflammatory responses[1, 2]. Studies have demonstrated that hucMSCs and their derived exosomes (hucMSC-Exos) exhibit 
remarkable therapeutic effects in various disease models, including pulmonary fibrosis, acute kidney injury, myocardial infarction, 
and skin injury. Furthermore, hucMSCs can migrate to the site of injury, positioning them as an ideal vehicle for precision therapy.

Interest in the CXC chemokine family in ARDS has increased, particularly regarding the dual roles of Cxcl12 (also known as stromal 
cell-derived factor-1, SDF-1) in inflammation and repair. Cxcl12 binds to CXCR4 to mediate inflammatory cell chemotaxis and plays 
a key role in tissue repair and regeneration. Its effects on endothelial cells and the activation of downstream signaling pathways 
support endothelial cell survival and function, contributing to restoration of the endothelial barrier.

To investigate the molecular mechanisms underlying the therapeutic effects of hucMSCs in ARDS, we established an ALI mouse 
model by intraperitoneal injection of lipopolysaccharide (LPS) followed by tail vein administration of hucMSCs. Proteomic analysis 
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of lung tissue after hucMSC intervention identified Cxcl12 as a differentially expressed protein, consistent with previous findings. 
By generating hucMSCs with silenced Cxcl12 through lentiviral transfection, we evalted the role of Cxcl12 in the treatment of ARDS 
with hucMSCs in both in vivo and in vitro experiments. Furthermore, we investigated whether Cxcl12 ameliorates LPS-induced 
endothelial glycocalyx damage and promotes glycocalyx repair through its downstream receptor CXCR4.

Materials and Methods

In vivo construction of a mouse model of ALI

Mice were randomly assigned to six groups (n = 6 per group): Control, LPS, LPS+hucMSCs, LPS+shCxcl12 hucMSCs, LPS+NC 
hucMSCs, hucMSCs. Each mouse received 100 μL of LPS solution intraperitoneally at 20 mg/kg. Two hours later, 100 μL of hucMSCs 
(2 × 105 cells/mouse) was administered via tail vein injection, with random selection of animals during handling to reduce bias. 
At 8 hours after LPS injection, the mice were anesthetized with tribromoethanol, and lung tissue and serum were collected and 
stored at − 80° C.

Histopathology

After anesthesia, pulmonary circulation was perfused, and lung tissues were removed and fixed in 4% paraformaldehyde for 
at least 48 hours. Samples were dehydrated, embedded in paraffin, and cut into 5-μm sections (Novland, Shanghai, China). 
Hematoxylin and eosin (HE) staining was performed, and lung injury was scored under an optical microscope (Olympus Optics, 
Tokyo, Japan). Six random high-power fields were evaluated, and the mean score represented each sample.

In vivo fluorescence imaging of hucMSCs

hucMSCs were transfected with Luc-tagged lentivirus and selected using puromycin. Mice were assigned to three groups (n = 3 
per group): Control, LPS+hucMSCs, and hucMSCs. Two hours after LPS injection, Luc-labeled hucMSCs were administered via tail 
vein. At 6, 12, and 24 hours after injection, potassium luciferin was administered intraperitoneally, and hucMSC distribution was 
visualized using the AniView100 Pro multimodal in vivo imaging system.

The pulmonary vascular permeability was evaluated by injecting FITC- albumin

For fluorescence imaging, mice were randomly assigned to six groups (n = 6 per group): Control, LPS, LPS+hucMSCs, LPS+shCxcl12 
hucMSCs, LPS+NC hucMSCs, hucMSCs. The AniView100 Pro system was pre-cooled. Animals were anesthetized, and the thoracic 
cavity was exposed. After complete perfusion and lung extraction, lung tissues were rinsed, dried, placed on black background 
paper, and imaged using the FITC probe.

Cell culture

hucMSCs were sourced from Shandong Qilu Stem Cell Engineering Co., Ltd, and human microvascular endothelial cells (HULEC-
5a) were purchased from the American Type Culture Collection (ATCC) . The cells were seeded in a 25 cm² cell culture flask and 
cultured in a sterile incubator at 37 ° C with 5% CO2. All hucMSCs utilized in the animal experiments were maintained within three 
passages. Based on cell culture observations, hucMSCs exhibit slower division and growth after the third passage.The hucMSCs 
counted using a cell counter (Halo counter).

In vitro construction of ALI cell model

Transwell co-cultured endothelial cells (lower wells) with hucMSCs/shCxcl12-hucMSCs (upper inserts). After LPS stimulation for 6 h, 
endothelial proteins were harvested. For supplementary assays, recombinant Cxcl12 or AMD3100 was added alongside LPS before 
protein collection at 6 h.

Western blot verification

Total proteins were extracted from lung tissues and cells using RIPA buffer. Protein concentrations were determined using 
the Enhanced BCA Assay Kit. Initially, 20 µg of the sample was added to the respective wells. The samples were subsequently 
separated by 10% SDS-PAGE gel electrophoresis. Following this, the separated proteins were transferred to a PVDF membrane, 
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blocked with TBST containing 5% skim milk, and incubated at room temperature for 2 hours. The membrane was then incubated 
with primary antibodies, including anti-SDC-1, HS, EXT-1, Cxcl12, CXCR4, and GAPDH, overnight at 4 ° C. Finally, the membrane 
was treated with a horseradish peroxidase-conjugated secondary antibody at room temperature for 1 hour, and the protein bands 
were visualized using a chemiluminescence kit. Density analysis was conducted using ImageJ software.

Immunofluorescence staining

Endothelial cells (1 × 105/well) were seeded into 24-well plates with pre-placed slides. After washing with PBS, cells were fixed in 
4% paraformaldehyde for 30 minutes, blocked with goat serum for 30 minutes, and incubated with primary antibodies overnight 
at 4° C. After washing, cells were incubated with fluorescent secondary antibodies for 1 hour at room temperature. DAPI staining 
solution (200 μL) was added for 5 minutes. Slides were mounted with anti-fade medium and imaged using a fluorescence 
microscope.

FITC-albumin permeability detection

HULEC-5a cells (15,000 cells/well) were seeded into the upper chambers of a 24-well Transwell plate. hucMSCs or shCxcl12 
hucMSCs (20,000 cells/well) were seeded into the lower wells for co-culture. After 6 hours of LPS treatment, medium in the 
Transwell chamber was replaced. FITC-albumin (1 mg/mL) was added under light-protected conditions to the upper chamber 
and incubated for 30 minutes. Then, 100 μL of medium from the upper and lower chambers was transferred to a 96-well plate. 
Absorbance at 490 nm and 525 nm was measured, and permeability was assessed by the lower-to-upper chamber absorbance 
ratio.

Transendothelial electrical resistance (TEER)

Co-culture was conducted as previously described. LPS was added for 6 hours. The two electrodes of the Michel® ERS-2 resistance 
meter were placed above and below the filter membrane. Baseline (blank) resistance was measured, and TEER was calculated as: 
(Ω/cm²) = (measured resistance − blank resistance) × effective membrane area.

Results

1. Localization of hucMSCs in normal mice and septic mice

To examine the distribution of hucMSCs after tail vein injection and to assess their homing to the lungs following injury, an LPS-
ALI model was established through intraperitoneal LPS administration. hucMSCs were labeled with a Luc-tagged lentiviral vector 
and then injected into normal mice and LPS-ALI mice, while control mice received saline. Fluorescence imaging of whole-body 
distribution was performed at 6, 12, and 24 hours after injection (Figure 1A). Organs were also collected for imaging at the 6-hour 
time point (Figure 1B). The results showed that intravenously administered hucMSCs localized to the lung tissue in normal mice. 
The fluorescence intensity in the lungs of LPS-ALI mice was notably higher than in normal mice, indicating that hucMSCs migrate 
to and accumulate in injured lung tissue.
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2.Injection of hucMSCs improves ALI

A mouse model of acute lung injury was established to investigate the mechanisms underlying ARDS and explore potential 
therapeutic approaches. The ALI model was induced by intraperitoneal LPS injection, followed by tail vein delivery of hucMSCs 
two hours later. After six additional hours, blood and lung tissue were collected for analysis (Figure 2A). The survival rate improved 
in LPS-ALI mice that received hucMSCs (Figure 2B). Histopathology showed that LPS caused marked structural disruption, 
including blurred alveolar architecture, interstitial edema, congestion, and increased tissue debris. These abnormalities were 
reduced after hucMSC treatment (Figure 2C-D). The lung wet/dry ratio, total cell count, and protein content in BALF were also 
decreased (Figure 2E-G). FITC-albumin permeability analysis further confirmed that hucMSCs lowered LPS-induced pulmonary 
vascular permeability (Figure 2H-I).

3.Proteomic analysis suggests Cxcl12 as a key protein

Proteomic analysis revealed a decrease in the expression of Cxcl12 in lung tissues following LPS injection, with an increase 
in expression observed after hucMSCs treatment (Figure 3A-C). To validate the accuracy of the proteomic findings, this study 
employed Western blot and qRT-PCR to assess Cxcl12 expression in lung tissues, and the results were consistent with those 
obtained from the proteomic analysis (Figure 3D-E). Additionally, changes in Cxcl12 levels in mouse serum were detected using an 
ELISA kit, demonstrating a trend that aligns with the findings in lung tissues (Figure 3F).
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4.Cxcl12 plays a crucial role in the hucMSCs-mediated amelioration of LPS-ALI

Cxcl12 is known to be one of the secreted proteins of hucMSCs. ELISA analysis showed that hucMSCs secreted higher amounts of 
Cxcl12 than HULEC-5a cells, and secretion increased after LPS stimulation (Figure 4A). Lentiviral transfection was used to silence 
Cxcl12 in hucMSCs, and silencing efficiency was verified by Western blot, qRT-PCR, and ELISA (Figure 4B-D). 

To determine the role of Cxcl12 in vivo, shCxcl12 hucMSCs were injected into LPS-ALI mice. Compared with mice receiving normal 
hucMSCs, the Cxcl12-silenced group showed more severe pulmonary edema and septal damage, a higher wet/dry ratio, and 
increased cell and protein levels in BALF (Figure 4E-I). FITC-albumin permeability also increased (Figure 4J-K). These findings 
indicate that Cxcl12 contributes to the ability of hucMSCs to reduce lung tissue permeability and alleviate lung injury.
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5.hucMSCs ameliorate LPS-induced endothelial glycocalyx damage

This study examined the effect of hucMSCs delivered via tail vein injection on the endothelial glycocalyx in mouse lung tissue. 
Western blot and qRT-PCR analyses were used to measure glycocalyx-related proteins, including HS, SDC-1, and EXT-1, the 
key enzyme responsible for HS synthesis. LPS-ALI mice showed reduced expression of HS, SDC-1, and EXT-1, whereas hucMSC 
treatment increased their expression (Figure 5A-B). ELISA results further demonstrated that hucMSCs decreased levels of free SDC-
1 and HS in serum (Figure 5C).

To determine whether hucMSCs exert similar effects in vitro, a co-culture model of endothelial cells and hucMSCs was established, 
with LPS added to induce inflammatory injury (Supplementary Figure 2). Western blot and qRT-PCR analyses showed that LPS 
reduced HS, SDC-1, and EXT-1 expression in endothelial cells, while co-culture with hucMSCs restored their expression (Figure 
5D-E). Immunofluorescence staining demonstrated that LPS caused shedding of SDC-1 and HS from the endothelial surface; this 
effect was reduced after co-culture with hucMSCs (Figure 5F). FITC–albumin permeability and TEER assays confirmed that hucMSC 
co-culture reduced the LPS-induced increase in endothelial permeability (Figure 5G). These findings indicate that hucMSCs 
ameliorate LPS-induced endothelial glycocalyx damage, enhance EXT-1 expression, promote glycocalyx repair, and reduce 
endothelial permeability.
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6.Cxcl12 is a crucial protein for hucMSCs in ameliorating LPS-induced endothelial glycocalyx damage

The contribution of Cxcl12 to the effect of hucMSCs on the endothelial glycocalyx in LPS-ALI mice was assessed by injecting 
shCxcl12 hucMSCs via the tail vein. Western blot and qRT-PCR showed that HS, SDC-1, and EXT-1 were decreased in LPS-ALI lung 
tissue, increased after hucMSC injection, and then reduced again when Cxcl12-silenced hucMSCs were administered (Figure 6A-B). 
ELISA showed increased serum levels of free SDC-1 and HS in mice treated with shCxcl12 hucMSCs compared with mice receiving 
hucMSCs (Figure 6C).

To confirm these findings in a cellular model, endothelial cells were co-cultured with shCxcl12-hucMSCs and then exposed to LPS. 
Western blot and qRT-PCR showed that HS, SDC-1, and EXT-1 decreased after LPS stimulation, increased after co-culture with 
hucMSCs, and decreased again when co-cultured with shCxcl12-hucMSCs (Figure 6D-E). Immunofluorescence analysis showed 
that LPS increased the shedding of SDC-1 and HS from the endothelial surface, whereas hucMSC co-culture reduced this effect. 
Co-culture with shCxcl12 hucMSCs reduced SDC-1 and HS retention to a lesser extent than co-culture with normal hucMSCs 
(Figure 6F). FITC-albumin permeability and TEER measurements showed that endothelial permeability increased after co-culture 
with shCxcl12-hucMSCs (Figure 6G). These results demonstrate that hucMSCs reduce LPS-induced glycocalyx injury and promote 
glycocalyx repair through secretion of Cxcl12.
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7.Exogenous addition of Cxcl12 alleviates LPS-induced glycocalyx shedding and promotes repair

To further confirm the protective effect of Cxcl12 on the endothelial glycocalyx, exogenous Cxcl12 recombinant protein was 
added to the cell injury model, and the expression of glycocalyx-related proteins was examined by Western blot and qRT-PCR. 
After LPS stimulation, the addition of Cxcl12 increased the expression of HS, SDC-1, and EXT-1 in endothelial cells (Figure 7A-
B). Immunofluorescence analysis was used to detect SDC-1 and HS on the endothelial surface. LPS stimulation increased the 
shedding of both proteins, whereas exogenous Cxcl12 reduced this shedding (Figure 7C). These results indicate that exogenous 
Cxcl12 can reduce LPS-induced glycocalyx shedding and promote its repair.

8.Cxcl12 promotes endothelial glycocalyx repair by activating the downstream CXCR4 receptor

To evaluate the effect of Cxcl12 on the CXCR4 receptor, exogenous Cxcl12 was added to endothelial cells during LPS stimulation, 
and CXCR4 expression was examined by Western blot and qRT-PCR. LPS reduced CXCR4 expression, whereas Cxcl12 restored it 
(Figure 8A–B). These findings indicate that Cxcl12 can increase CXCR4 expression in endothelial cells after LPS exposure.

To verify that Cxcl12 reduces glycocalyx damage through CXCR4, the CXCR4 inhibitor AMD3100 was used to block receptor 
signaling in the cellular model. Western blot and qRT-PCR showed that LPS decreased the expression of HS, SDC-1, and EXT-1, 
which were increased by Cxcl12. AMD3100 pretreatment reduced the expression of these proteins compared to the Cxcl12 group 
(Figure 8C–D). Immunofluorescence showed that Cxcl12 reduced LPS-induced shedding of SDC-1 and HS from the endothelial 
surface, whereas AMD3100 increased shedding relative to the Cxcl12 group (Figure 8E). These findings demonstrate that Cxcl12 
reduces glycocalyx damage and promotes repair through its downstream receptor CXCR4.

Discussion

Acute respiratory distress syndrome (ARDS) has high mortality and relies mainly on problematic mechanical ventilation. Human 
umbilical cord mesenchymal stem cells (hucMSCs) are promising ARDS therapeutics, yet their exact mechanisms remain unclear. 
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Endothelial glycocalyx damage elevates vascular permeability and worsens acute lung injury (ALI), with EXT1 serving as a 
key repair mediator. This study proves hucMSCs home to LPSinjured lungs, alleviating tissue damage and improving survival. 
Proteomic screening identifies secreted Cxcl12 as their core functional molecule. Cxcl12 binds endothelial CXCR4, activates PI3K/
Akt and MAPK pathways, upregulates EXT1, and restores glycocalyx SDC1 and HS to repair endothelial barriers. Silencing Cxcl12 or 
blocking CXCR4 with AMD3100 weakens hucMSCs’ protective effects on the glycocalyx and injured lungs. Collectively, hucMSCs 
repair endothelial glycocalyx and relieve ALI via the Cxcl12/CXCR4EXT1 axis.

Overall, this study shows that hucMSCs alleviate LPS-induced endothelial glycocalyx damage, improve pulmonary vascular 
permeability, reduce lung injury in LPS-ALI mice, and increase survival rates by activating CXCR4 through the paracrine protein 
Cxcl12. The hucMSC-Cxcl12/CXCR4 pathway may offer a potential therapeutic strategy for ARDS (Figure 10).
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Human Amnion Epithelial Stem Cells Mitigate Sepsis-Induced Acute Lung Injury by 
Reprogramming Glycolysis via the HIF-1α/LDHA Axis

Background and aims:

Sepsis-induced acute lung injury (SALI) is a life-threatening syndrome characterized by alveolar-capillary barrier disruption and 
an uncontrolled systemic inflammatory cascade. Current statistics indicate that the mortality rate of severe SALI is still higher than 
35%. Without timely intervention, it often develops rapidly into acute respiratory distress syndrome (ARDS) or multiple organ 
dysfunction syndrome (MODS).

Recent evidence identifies HIF-1α-orchestrated lactate metabolic reprogramming as a pivotal driver of acute pulmonary 
inflammation. In the septic microenvironment, the overactivation of HIF-1α and its downstream effector, lactate dehydrogenase 
A (LDHA), triggers a "Warburg-like" metabolic shift, leading to massive lactate accumulation. This metabolic maladaptation not 
only exacerbates localized tissue damage but also establishes hyperlactatemia as a definitive prognosticator for poor clinical 
outcomes.

Human amnion epithelial cells (hAESCs), harvested from discarded placentas, offer unique therapeutic advantages, including 
minimal immunogenicity and an ethically sound, non-invasive collection process. Beyond their multipotency, hAESCs exert potent 
paracrine effects that quench inflammatory storms and alleviate oxidative stress. However, whether hAESCs can confer organ 
protection by modulating the metabolic reprogramming of host cells under SALI conditions remains a critical knowledge gap. This 
study aims to investigate the therapeutic potential of hAESCs in SALI, specifically focusing on their ability to suppress aberrant 
glycolysis by regulating the HIF-1α/LDHA axis.

Methods：This study retrospectively analyzed serum metabolomics from 70 SALI patients and 40 controls to identify core 
disease-associated metabolites. Mice exposed to cecum ligation and puncture (CLP) surgery to establish SALI. HAESCs were 
immediately injected into the tail vein of the mice. The therapeutic effects of tail-vein injected hAESCs were evaluated through 
histopathological assessment, transmission electron microscopy, and inflammatory profiling. Integrated RNA-seq and untargeted 
metabolomics were performed on lung tissues to screen for hAESCs regulated pathways. Mechanistically, HIF-1α agonists were 
administered in vivo to explore how the HIF-1α/LDHA axis modulates metabolic reprogramming and lung injury mitigation 
following hAESCs treatment.

Results:Patients with SALI exhibited significantly elevated plasma lactate levels compared to healthy counterparts. In vivo, 
the systemic administration of hAESCs via tail vein injection substantially enhanced survival, mitigated pulmonary injury, and 
suppressed the inflammatory response. RNA-sequencing identified a significant enrichment of downregulated genes involved in 
the HIF-1α signaling cascade after hAESCs treatment. Consistent with these findings, metabolic profiling demonstrated diminished 
accumulation of glycolytic intermediates and reduced lactate output in lung tissues. Co-expression analysis of the transcriptome 
and metabolome revealed that HIF-1α expression was positively correlated with LDHA enzymatic activity. Furthermore, the 
therapeutic metabolic modulation exerted by hAESCs was reversed by a HIF-1α agonist, which led to a resurgence of tissue injury.

Conclusion:This study demonstrates that hAESCs exert protective effects against SALI by suppressing HIF-1α driven glycolytic 
reprogramming and reducing lactate accumulation. Our findings establish a mechanistic link between stem cell therapy and 
immunometabolic regulation. Targeting the HIF-1α/ glycolytic axis is a promising metabolism-oriented intervention for the 
treatment of SALI.

Keywords:Human Amnion Epithelial Stem Cells; SALI; Glycolysis; Hypoxia-inducible factor 1-alpha; Lactic acid; Wound healing.

姓名：Li Nana1#，Li Xiaoyuan1#，Liao Jun2#，Li Nan1，Yan Miao1，Chi Dongxuan1，Sun Zhiming1

             Xie Min1*，Lin Zhiqiang2*，Li Shuangling1*

单位：北京大学第一医院



CCCC 2026     0197



0198     CCCC 2026



CCCC 2026     0199



0200     CCCC 2026



CCCC 2026     0201



0202     CCCC 2026



CCCC 2026     0203

ICU 早期活动中重症患者的潜在分型研究

【摘要】

背景： 早期活动是重症患者康复管理的重要组成部分，但现有研究多关注活动是否实施，对综合反映活动暴露水平的活动剂量关注不足，
且患者间活动行为模式的异质性尚缺乏系统探讨。

目的： 基于早期活动相关指标对重症患者进行潜在分型并比较不同亚型的活动特征及临床特征差异。

方法： 采用非实验性描述性研究设计，便利抽样选取 2021 年 12 月至 2023 年 8 月北京市 2 家三级甲等医院综合重症监护室中接受早期
活动的患者 149 例。通过《重症患者早期活动记录表》收集活动类型、活动时长及活动参与度等信息，构建活动剂量指标。以活动剂量、
活动时长、活动参与度及活动类型为聚类变量，采用两步聚类法结合 K- 均值聚类分析识别潜在亚型，并比较各亚型间差异。

结果 ： ①重症患者早期活动存在 3 类潜在分型：高活动剂量组（43.60%，n=65）、中等活动剂量组（29.50%，n=44）和低活动剂量组（26.80%，
n=40）；②三类患者在活动剂量（K-W=16.613，P ＜ 0.01）、活动时长（K-W=30.826，P ＜ 0.01）、活动参与度（K-W=84.745，P ＜ 0.01）
及活动类型（K-W=85.767，P ＜ 0.01）方面差异均具有统计学意义；③三类分型患者的特征在疾病类型（χ2=23.123，P=0.001）、是否
手术（χ2=11.096，P=0.004）、肌力（K-W=35.211，P ＜ 0.001）、机械通气时长（K-W=9.351，P=0.009）、疼痛（K-W=41.867，P ＜ 0.001）
等方面存在差异。结论：重症患者早期活动可基于活动剂量相关指标划分为高、中、低三类潜在亚型，且不同亚型在活动特征及部分临床
特征方面存在差异。临床应关注活动参与度、活动类型及疼痛、肌力、机械通气等影响因素，开展分层化、个体化早期活动管理。

【关键词】重症患者；早期活动；活动剂量；活动参与度；聚类分析；亚型识别
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ICU 转出患者心理障碍风险因素预测模型构建及验证

摘要：

目的： 筛选 ICU 转出患者心理障碍的风险预测因子，构建并验证适用于该人群的心理障碍风险预测模型，为临床早期识别高危患者、实
施针对性干预提供依据。

方法：通过文献研究与德尔菲专家函询筛选 ICU 转出患者心理障碍风险因素；以 873 名 ICU 转出患者为研究对象，排除失访者后最终纳
入 727 例，按 7:3 比例随机分为训练集（509 例）与验证集（218 例）。对纳入的患者进行资料收集，资料收集过程分两部分，第一部分
为基线资料的收集：采用统一的指导语进行一般资料的收集，对于沟通障碍的患者由家属完成资料收集，家属采取当面发放问卷的方式或
者微信问卷调查的方式。第二部分为危重患者转出 ICU 后两周至四周的心理障碍情况的调查：在患者转出 ICU 两周至四周内时使用评估量
表进行回访，评估患者的心理状态。认为其中一张评估量表显示为阳性，即认为患者发生了心理障碍。研究者根据以上收集的资料采用单
因素与多因素 Logistic 回归分析筛选独立危险因素，基于 R 语言构建列线图预测模型，通过 ROC 曲线、校准曲线、Hosmer-Lemeshow 
检验及临床决策曲线对模型进行内外部验证。

研究对象：本研究选取 2024 年 2 月至 2025 年 10 月入住某三甲医院 ICU 及 EICU 患者为研究对象。纳入标准： ① 患者入住重症监护病
房的时间需达到或超过 48 小时； ② 患者年龄需满足不少于 18 周岁； ③ 在患者从重症监护病房转出后，能够正常进行交流，并且患者本
人或其家属能够熟练使用手机微信功能。 排除标准 ①患者存在明显的认知功能障碍； ②患者伴有颅脑损伤、脑部肿瘤或其他严重影响神
经系统功能的疾病。

研究工具：采用自行设计的《ICU 转出患者心理障碍一般资料收集表》收集基线资料，运用医院焦虑抑郁量表（HADS）、事件影响量表 - 
修订版（IES-R）评估患者转出后 2~4 周心理状态，心理弹性量表（CD-RISC）评估患者心理弹性水平。

结果：经文献筛选与专家函询确定 22 个风险预测因子，多因素 Logistic 回归分析显示，年龄、女性性别、心理疾病史、心理弹性得分、
ICU 入住时长、手术时长、镇静剂使用、机械通气史、焦虑史、抑郁史、创伤后应激障碍史共 11 项为 ICU 转出患者心理障碍的独立影响
因素（P<0.05）。模型内外部验证结果显示，训练集 ROC 曲线下面积（AUC）为 0.928（95% CI：0.902~0.949），验证集 AUC 为 0.931（95% 
CI：0.888~0.961）；训练集与验证集 Hosmer-Lemeshow 检验 P 值均 > 0.05，校准曲线显示预测值与实际值高度一致；决策曲线表明训
练集阈值 > 0.17、验证集阈值 > 0.15 时，模型具有良好的临床获益。

结论：①本文以 ICU 转出患者为研究对象，构建了 ICU 转出患者心理障碍风险预测模型，包括性别、年龄、心理疾病史、心理弹性得分、
入住 ICU 时长、手术时长、使用镇静剂、机械通气史、焦虑史、抑郁史、创伤后应激障碍史等 11 个影响因素，对患者心理障碍的发生风
险起到了一定预测作用。②本研究构建的 ICU 转出患者心理障碍风险列线图预测模型具有良好的区分度、校准度和临床有效性，可有效预
测该人群心理障碍发生风险，为临床早期干预、改善患者预后提供实用工具。
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Impact of Omega-3 Polyunsaturated Fatty Acids on Prognosis of Septic Patients in 
the ICU: A Retrospective Cohort Study from MIMIC

Abstract: 

Objective:To evaluate whether ω-3 PUFA supplementation is associated with improved short- and long-term survival and clinical 
recovery in patients with sepsis.

Methods: A retrospective cohort study was conducted based on the Medical Information Mart for Intensive Care IV (MIMIC-IV) 
database. Adult patients meeting Sepsis-3 criteria were enrolled, with those receiving ω-3 PUFAs during ICU stay as the treatment 
group (n=146) and those without as the control group (n=22,331). Propensity score matching (1:1) was used to balance baseline 
characteristics. Clinical data including demographics, comorbidities, laboratory parameters, and interventions were collected. 
Statistical analyses were performed using DecisionLinnc 1.0 software, with Kaplan–Meier method, restricted mean survival time 
(RMST) analysis, and multivariable Cox regression models to assess the association between ω-3 PUFAs and study outcomes.

Results: After propensity score matching, 145 patients were included in each group with well-balanced baseline characteristics 
(most SMD <0.1). The ω-3 PUFAs group had significantly lower 28-day all-cause mortality (6.90% vs. 18.62%, p=0.003), longer 28-
day RMST (difference 1.99 days; 95% CI 0.59-3.38; p=0.005), and multivariable Cox regression showed an independent association 
between ω-3 PUFAs and reduced 28-day mortality (HR=0.24; 95% CI 0.10-0.55; p<0.001). Survival benefits persisted at 90-day 
(8.28% vs. 19.31%, p=0.006) and 365-day (9.66% vs. 20.69%, p=0.008) follow-up. Additionally, the ω-3 PUFAs group had shorter ICU 
length of stay and mechanical ventilation duration (both p<0.05), and subgroup analyses showed consistent beneficial effects.

Conclusion: In this large real-world cohort of septic patients, ω-3 PUFAs supplementation is independently associated with 
lower short- and long-term mortality, as well as faster clinical recovery. These findings support the potential of ω-3 PUFAs as an 
adjunctive therapy for sepsis, and prospective multicenter studies are warranted to validate these results.

Keywords:Omega-3 polyunsaturated fatty acids;Sepsis;Mortality; Propensity score matching; Real-world data
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Impact of Tigecycline on Coagulation in Severe Infections and Effect of Vitamin K1 
Intervention: A Retrospective Single‑Center Analysis

Abstract

Background:

Tigecycline, a glycylcycline antibiotic, is effective against multidrug‑resistant pathogens but has been increasingly associated with 
coagulopathy, including hypofibrinogenemia and prolonged PT/APTT. This retrospective study aimed to evaluate the incidence of 
tigecycline‑induced coagulopathy, its dose‑ and time‑dependence, and the efficacy of vitamin K1 intervention.

Material/Methods:

A total of 920 patients with severe infections (SOFA ≥ 2) treated with tigecycline between January 2017 and December 2022 were 
screened. 220 patients met inclusion criteria and were divided into high‑dose (100 mg q12h, n=135) and normal‑dose (50 mg q12h, 
n=85) groups. Coagulation parameters (PT, APTT, fibrinogen) were measured on days 1, 3, 5, and 7. 72 patients received vitamin K1 
(10 mg/day for ≥ 72h). ANOVA and t‑tests were used for statistical analysis.

Results:

Coagulopathy occurred in 23.91% of patients (220/920). Onset was between days 5–7. Compared to the normal‑dose group, 
the high‑dose group showed significantly prolonged APTT and PT on day 7, and significantly lower fibrinogen on days 5–7 
(P<0.05). Vitamin K1 significantly shortened APTT and PT and increased fibrinogen in both groups (P<0.05 to P<0.01), with more 
pronounced improvement in the normal‑dose group.

Conclusions:

Tigecycline‑induced coagulopathy is dose‑ and time‑dependent. Vitamin K1 effectively reverses coagulopathy, particularly 
hypofibrinogenemia. Routine coagulation monitoring and prophylactic vitamin K1 are recommended during tigecycline therapy, 
especially in high‑dose regimens.

Research Content (Detailed)

1. Background and Current Status

Tigecycline is a first‑in‑class glycylcycline antibiotic approved for complicated intra‑abdominal infections, skin and soft tissue 
infections, and community‑acquired pneumonia. It is widely used off‑label for multidrug‑resistant organisms, including 
Acinetobacter baumannii and carbapenem‑resistant Enterobacteriaceae. However, accumulating evidence has linked tigecycline 
to coagulation disorders, especially hypofibrinogenemia, which may increase bleeding risk and mortality. The mechanism 
remains unclear but may involve inhibition of interleukin‑6‑mediated fibrinogen synthesis, disruption of intestinal flora (affecting 
vitamin K synthesis), and interference with hepatic ribosomal function. Several studies have reported incidence rates of 10–30%, 
with higher rates in critically ill patients. Despite these concerns, there is a lack of standardized protocols for monitoring and 
managing tigecycline‑induced coagulopathy.

2.Objectives

3.The primary objective was to determine the incidence and risk factors (dose and duration) of tigecycline‑induced coagulopathy 
in critically ill patients. The secondary objective was to evaluate the efficacy of vitamin K1 in reversing coagulation abnormalities 
without discontinuing tigecycline.

3. Study Design

This was a retrospective, single‑center, case‑controlled study conducted in three ICUs of the Affiliated Hospital of Shandong 
University of Traditional Chinese Medicine. The study was approved by the Ethics Committee (2024 No. (041) KY) and waived 
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informed consent.

4. Methods

Participants: 920 patients with severe infections (SOFA ≥ 2) treated with tigecycline from Jan 2017 to Dec 2022.

Inclusion Criteria: (1) Age ≥ 18 years; (2) SOFA ≥ 2; (3) Tigecycline for ≥ 72h; (4) Complete coagulation data; (5) Met ≥ 1 
coagulopathy criterion (PT >18s, APTT >53.5s, or fibrinogen <2 g/L).

Exclusion Criteria: (1) Age <18; (2) SOFA <2; (3) Pre‑existing coagulopathy (e.g., liver disease, hematological disorders); (4) Severe 
shock, DIC, end‑stage renal disease; (5) Use of anticoagulants.

Groups: High‑dose (100 mg q12h, n=135) vs. normal‑dose (50 mg q12h, n=85). 72 patients received vitamin K1 (10 mg/day IV for 
≥ 72h).

Outcomes: PT, APTT, fibrinogen measured on days 1, 3, 5, 7, and before/after vitamin K1.

Statistical Analysis: SPSS 26.0. Repeated‑measures ANOVA for temporal changes; t‑test for pre/post comparisons. P<0.05 
significant.

5. Results

Incidence: 220/920 (23.91%) developed coagulopathy.

Demographics: High‑dose group: 75 males, mean age 77.54±8.23; Normal‑dose: 57 males, mean age 79.11±8.02. 81–90 age 
group dominated (51% and 54%, respectively).

Primary Diseases: Infection (38.63%), cerebrovascular (16.36%), fracture (11.36%), cardiovascular (8.18%), tumor (3.63%).

Infection Sites: Pulmonary (62.27%), abdominal (21.82%), bloodstream (8.19%), skin/soft tissue (6.82%).

Coagulation Changes (Tigecycline):

APTT and PT significantly prolonged by days 5–7 in both groups (P<0.05 or P<0.01).

Fibrinogen significantly decreased by days 5–7 (P<0.01).

High‑dose group had worse parameters: APTT (64.89 vs. 58.77 s), PT (21.32 vs. 17.99 s), fibrinogen (1.49 vs. 1.88 g/L) on day 7 
(P<0.05).

Vitamin K1 Effect:

56 high‑dose and 16 normal‑dose patients received vitamin K1.

APTT, PT shortened, fibrinogen increased significantly in both groups (P<0.05 to P<0.01).

Fibrinogen improved by ~35% in both groups. Normal‑dose group showed more pronounced improvement.

No patients discontinued tigecycline during vitamin K1 treatment.

6. Conclusions

Tigecycline causes clinically significant coagulopathy in nearly 1 in 4 patients, with a clear dose‑ and time‑dependent pattern. 
High‑dose regimens and longer treatment duration (especially >7 days) increase the risk. Vitamin K1 is effective in reversing 
coagulopathy, particularly hypofibrinogenemia, without requiring drug discontinuation. Routine coagulation monitoring and early 
vitamin K1 supplementation are strongly recommended, especially in elderly, critically ill patients receiving high‑dose tigecycline. 
Prospective multicenter studies are needed to validate these findings and establish optimal dosing and monitoring protocols.

If you instead needed a Chinese translation of this English content, please let me know and I will provide that immediately. 
Otherwise, this is the completed English version as requested.
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Integrating Discriminative Dimensionality Reduction Tree-Based Phenotyping and 
Red Cell Distribution Width Trajectories to Uncover Synergistic Prognostic Effects 
in Non-Traumatic Multiple Organ Dysfunction Syndrome

类别 :// 临床研究：设计规范的各类临床研究及研究方案报告

Purpose: Multiple organ dysfunction syndrome (MODS) is highly heterogeneous, and existing static scoring systems fail to capture 
its non-linear structure and dynamic evolution. This study integrated the Discriminative Dimensionality Reduction Tree (DDRTree) 
algorithm with Group-Based Trajectory Modeling (GBTM) to construct a dual-stratification risk assessment framework combining 
baseline phenotypes with longitudinal red blood cell distribution width (RDW) trajectories.

Methods: Adult patients with non-traumatic MODS were identified from the MIMIC-IV (discovery cohort, n=15,752) and eICU 
(validation cohort, n=16,520) databases. DDRTree analyzed 12 clinical variables to identify baseline phenotypes, and GBTM 
characterized RDW evolution patterns during the first seven ICU days. A prognostic nomogram and interactive web application 
were developed.

Results: Four phenotypes were consistently identified across both cohorts: P3 (critically high-risk, shock with multiple organ 
failure), P4 (mid-high risk, severe renal failure), P1 (mid-low risk, systemic stress), and P2 (low-risk). Two latent dimensions 
represented organ functional reserve and acute inflammatory load, respectively. GBTM identified three RDW trajectories: 
low-stable (53.8%), mid-stable (35.3%), and high-stable (10.8%). After multivariable adjustment, RDW trajectories remained 
independent mortality predictors (high-stable vs. low-stable: HR=1.83–1.90, P<0.001). Cross-stratification revealed a combined 
prognostic effect: within phenotype P3, high-stable RDW patients exhibited markedly higher mortality than low-stable patients 
(43.7% vs. 21.8%), with a 4.5-fold mortality difference between the highest- and lowest-risk combinations across cohorts.

Conclusion: This dual-stratification framework integrating DDRTree phenotyping with longitudinal RDW trajectories captures 
complementary dimensions of MODS pathophysiology, identifies clinically actionable subgroups, and provides bedside risk 
assessment tools for precision medicine in critical care.
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Integration of a blood return strategy into the double plasma molecular 
adsorption system

The double plasma molecular adsorption system (DPMAS) is a kind of a biotic artificial liver. Its clinical application value is 
constantly expanding, particularly in cases of plasma deficiencies. Many commonly used blood purification devices (e.g., 
Fresenius Multifiltrate and Baxter Prismaflex) do not currently have built-in DPMAS treatment modes and require pipeline 
modification. Therefore, there is no unified standardized blood return procedure at the end of treatment. Current methods of 
blood return and their disadvantages include the following: (1) air return method: this method could increase the risk of infection 
(2) plasma circulation pipeline discard method: as this method will lead to the loss of plasma, exogenous plasma needs to be 
supplemented that could increase medical expenses and blood product consumption; (3) substitution fluid pump return method: 
operation of the substitution fluid pump is relatively complex, and many of the pipeline disassembly and assembly steps require 
strict aseptic practices. In order to standardize the blood return operation procedure in treatment using DPMAS, we introduce a 
new DPMAS pipeline installation method utilizing an integrated blood return strategy, which has been successfully deployed in 
clinical practice. The details are as follows:

IMPROVED DPMAS PIPELINE INSTALLATION METHOD ：

Original pipeline installation method: the patient's blood passes through a plasma separator to isolate the plasma, and the blood 
cell components enter the blood return pipeline. The separated plasma first passes through the disposable plasma bilirubin 
adsorption column (BS330), then through the disposable hemoperfusion cartridges (HA330-II), and is then recombined with the 
blood cells and returned to the patient. In order to integrate blood return, we added two three-way valves in the pipeline. The 
first is located between the plasma pump and the BS330 column. The upper portion of this three-way valve is connected to a bag 
containing 500 mL 0.9% normal saline using a disposable infusion connector set. During the treatment, 0.9% normal saline access 
and this three-way valve remains closed. The second valve is located further along the disposable blood loop catheter between 
the HA330-II and the re-mixing container. The unconnected side of the three-way valve is closed to ensure smooth flow between 
the plasma separation system and the plasma adsorption system (Figure 1).

INTEGRATED BLOOD RETURN STRATEGY：

After DPMAS treatment, the plasma separation system is stopped first and then turning off the blood pump. Under aseptic 
operation, turn the second three-way valve before the re-mixing container, to connect the blood outflow tubing to one side branch 
of the three-way valve. The first three-way valve is rotated to allow flow of 0.9% normal saline into the disposable blood loop 
catheter. This allows blood to flow from the 0.9% normal saline to the blood return side (Figure 1). Following this conversion of the 
original parallel flow system to a serial flow system, the blood pump is restarted, and the blood is returned at the speed of 100 mL/
min. Once all of the blood has been returned, the treatment is finished.

KEY POINTS OF INTEGRATED BLOOD RETURN STRATEGY：
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(1) Strict attention should be paid to the opening direction of the three-way valves to ensure that the serial blood return pipeline 
remains open. (2) The blood return procedure should be adjusted according to the different device models. For example, the 
Fresenius Multifiltrate system can first turn off the plasma pump and return blood in the treatment mode. It can also adjust the 
blood return setting before treatment and directly enter “End of Treatment” mode for blood return. The Baxter Prismaflex 
system allows direct blood return in blood return mode. (3) Any blood return procedures should be carried out under strict aseptic 
conditions. With its rapid clearance of bilirubin, inflammatory mediators, and other accumulated substances, DPMAS has been 
widely used in many cases of liver failure, hyperbilirubinemia due to hemolytic anemia, hepatic encephalopathy, perioperative 
treatment of liver transplantation, multiple organ dysfunction syndrome, and sepsis.  Studies report that in the treatment of 
severe COVID-19, it has been successfully applied for the adsorption and clearance of inflammatory factorsand achieved some 
efficacy.  Especially in the case of blood deficiency, DPMAS becomes the preferred treatment mode. The required modifications 
consist only of the installation of two three-way valves in the original pipeline and requires no high-priced consumables. Clinical 
application of this integrated blood return strategy could solve the problem of difficult blood return, reduce pipeline split times, 
decrease infection risk caused by blood leakage, and reduce complications caused by blood loss and blood transfusion. As a 
result, patient satisfaction and medical staff efficiency can be improved. This strategy is simple to apply and can be widely used in 
clinical practice.
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Integrative proteomics-based analysis of the core pathological axis of sepsis and 
investigation of novel molecular subtypes driven by VWF/S100A8

Abstract

Background and Aims: The high heterogeneity of sepsis necessitates the development of novel biomarkers and classification 
systems based on core pathophysiological mechanisms. Currently, robust core proteomic signatures that can be translated into 
clinically applicable stratification tools are still lacking.

Methods: This study integrated and analyzed three independent proteomics datasets, including a plasma cohort (sepsis/control: 
43/9), a serum cohort (PXD027485; 59/31), and a previously published list of differentially expressed exosomal proteins.Core 
sepsis-related protein signatures were identified through differential expression analysis (FDR < 0.05, |log2FC|>1) functional 
enrichment, protein–protein interaction network, and clinical association analyses (correlation analysis, survival analysis, and 
multivariate linear regression) were then performed on the core proteins. Finally, supervised molecular subtyping was conducted 
based on the expression levels of the endothelial injury marker von Willebrand factor (VWF) and the inflammatory driver S100A8, 
and the clinical characteristics and prognostic differences among subtypes were evaluated.

Results: Integration of the three data sources identified 13 core proteins, which were functionally enriched in pathways such as 
the “acute-phase response” and the “coagulation system”, revealing a coordinated pathological axis of “inflammation–
coagulation–endothelial injury”. Clinical association analysis showed that VWF was independently and positively correlated with 
disease severity (SOFA score) (multivariate regression β = 2.65, P = 0.007), while S100A8 was a strong predictor of high mortality 
risk (HR = 3.68, P = 0.008). Based on the median expression levels of VWF and S100A8, patients were classified into four subtypes: 
dual-low type, endothelial injury–dominant type, inflammation-dominant type, and mixed high-risk type. Among these, the mixed 
high-risk type exhibited the highest SOFA score (11.6 ± 4.5, P < 0.001) and the highest 90-day mortality rate (66.7%), whereas the 
dual-low type had the best prognosis (mortality rate 7.1%). Multivariate Cox regression further confirmed that the inflammation-
dominant type was an independent risk factor for mortality (adjusted HR = 6.01, P = 0.047).

Conclusion: By integrating three independent proteomics datasets, this study systematically elucidated the core molecular 
signature of the coordinated pathological axis in sepsis and proposed a concise, mechanism-driven dual-protein molecular 
subtyping system based on VWF and S100A8.This classification effectively distinguishes patient subgroups with different 
pathological features and prognoses, providing a potential new tool for precision prognostic stratification and patient enrichment 
in future targeted therapeutic trials for sepsis.

Keywords: Sepsis; proteomics; von Willebrand factor (VWF); S100 calcium-binding protein A8 (S100A8); molecular subtyping; 
prognostic biomarkers
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KLF5 介导的磷脂转运蛋白缺失通过促进铁死亡加剧脓毒症心肌损伤

磷脂转运蛋白 ( PLTP ) 是一种在体内广泛表达的糖蛋白，主要参与血浆脂蛋白代谢。既往研究表明，PLTP 可通过中和 LPS，促进 LPS 清除，
发挥抗炎作用，改善脓毒症及其所致器官功能障碍。然而，PLTP 在脓毒症心肌病中的作用及其具体机制尚不清楚。

采用盲肠结扎穿孔术（cecal ligation and puncture, CLP）构建小鼠脓毒症心肌病模型，并以脂多糖（lipopolysaccharide, LPS）刺激
H9C2 心肌细胞建立体外模型。通过 qPCR、Western blot、免疫组化或免疫荧光检测 PLTP 及铁死亡相关蛋白 ACSL4、GPX4、4-HNE 等
的表达变化。采用 PLTP 敲除小鼠或重组 PLTP 干预模型观察 PLTP 下调对脓毒症心肌损伤的影响，并通过血浆 LDH 水平、心脏超声、HE
染色及生存分析评估心肌损伤程度。利用 JASPAR 数据库预测 PLTP 启动子区域潜在转录因子结合位点，并检测 KLF5 在脓毒症心肌组织
中的表达变化。进一步采用 KLF5 抑制剂 ML264 干预 LPS 刺激的 H9C2 细胞，观察抑制 KLF5 后 PLTP 表达及铁死亡相关指标的变化。

CLP 后小鼠心脏组织及 LPS 刺激的 H9C2 细胞中 PLTP 表达明显下调，同时伴随心肌损伤加重和铁死亡相关改变，表现为 ACSL4、4-HNE
表达升高，GPX4 表达下降。与 WT+CLP 组相比，PLTP 缺失进一步加重脓毒症小鼠心肌损伤，表现为血浆 LDH 水平升高、心功能下降、
心肌组织病理损伤加重及生存率降低，并进一步增强心肌组织铁死亡相关改变。生物信息学预测显示，PLTP 启动子区域存在潜在 KLF5
结合位点；同时，CLP 后小鼠心脏组织中 KLF5 表达显著升高。体外实验中，KLF5 抑制剂 ML264 干预后可部分恢复 LPS 诱导的 PLTP 下调，
并减轻 ACSL4、4-HNE 升高及 GPX4 下降等铁死亡相关改变。

脓毒症时，KLF5 异常升高可能参与 PLTP 表达下调，导致心肌细胞磷脂转运稳态受损，并促进脂质过氧化和铁死亡发生，从而加剧脓毒
症心肌损伤。KLF5/PLTP 轴可能是干预脓毒症心肌铁死亡和改善脓毒症相关心功能障碍的潜在治疗靶点。
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Lymphocyte–C-reactive Protein Ratio upon Admission Predicts Resistance to 
Initial Intravenous Immunoglobulin in Pediatric Patients with Kawasaki Disease: 
A Two-center Retrospective Cohort Study

Abstract

Objective: To evaluate whether the lymphocyte–C-reactive protein ratio (LCR) at admission predicts resistance to initial 
intravenous immunoglobulin (IVIG) in children with Kawasaki disease (KD).

Methods: We retrospectively analyzed children with KD treated at two centers between January 1, 2014, and December 31, 2024. 
Admission LCR was natural-log transformed (lnLCR). Patients were classified as initial IVIG responsive or resistant, and clinical 
variables were compared using multivariable logistic regression and receiver operating characteristic (ROC) analysis.

Results: Among 317 children, 18 (5.68%) were resistant to initial IVIG. Each one-unit increase in admission lnLCR was associated 
with lower odds of resistance (odds ratio, 0.509; 95% confidence interval, 0.319–0.813). The area under the ROC curve was 0.760. 
At a cutoff of 6.170, sensitivity was 88.90%, specificity 65.20%, positive predictive value 13.33%, and negative predictive value 
98.98%.

Conclusion: Admission LCR is an inexpensive, readily available immunoinflammatory marker that may support early risk 
stratification for initial IVIG resistance in pediatric KD. Its modest specificity and the small number of resistant cases require 
external validation before clinical implementation.

Keywords: lymphocyte–C-reactive protein ratio; Kawasaki disease; resistance to initial intravenous immunoglobulin; risk 
stratification; personalized medicine

Introduction

Kawasaki disease (KD) is an acute systemic vasculitis that predominantly affects children younger than 5 years and is a leading 
cause of acquired pediatric heart disease and coronary artery lesions (CAL) [1–7]. Its pathogenesis is thought to involve an 
immune-mediated inflammatory response to environmental triggers in genetically susceptible children [8–10]. Although 
intravenous immunoglobulin (IVIG) plus aspirin is first-line therapy, IVIG resistance increases the risk of CAL and long-term 
cardiovascular complications [11,12]. Early identification of high-risk patients could enable closer monitoring and individualized 
treatment, yet simple, inexpensive admission markers remain limited [13,14].

The lymphocyte–C-reactive protein ratio (LCR) integrates adaptive immune status and systemic inflammation. It has shown 
prognostic value in malignancy and acute inflammatory illnesses when measured at admission, perioperatively, or serially [15–22]. 
Our previous study found that admission LCR combined with albumin predicted coronary artery dilation and aneurysm formation 
in children with KD [16]. However, its association with initial IVIG resistance has not been established.

We therefore investigated whether admission LCR could serve as an early warning marker for initial IVIG resistance in pediatric KD 
and provide a basis for future risk-stratified treatment strategies.

Methods

Study design
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This two-center retrospective cohort study included children with KD admitted to the First Affiliated Hospital of Harbin Medical 
University from January 1, 2014, to August 7, 2022, or to the Sixth Affiliated Hospital from August 8, 2022, to December 31, 2024. 
Initial therapy consisted of IVIG (400 mg/kg daily for 5 days or 1 g/kg daily for 2 days) and oral aspirin. Aspirin was given at 30–50 
mg/kg/day in 2–3 divided doses, then reduced to 3–5 mg/kg once daily for 6–8 weeks beginning 3 days after defervescence. 
Demographic data, admission laboratory findings, fever duration before IVIG, and length of stay were extracted from medical 
records. Patients were classified as initial IVIG responsive or resistant. The ethics committees of both hospitals approved the study 
(IRB Nos. 2025117 and LC2025-004).

Study population

Eligible participants were 28 days to 16 years of age, had a definitive diagnosis of KD, and received standard-dose IVIG and 
aspirin as initial treatment. Exclusion criteria were concurrent infection or another autoimmune disease, primary or acquired 
immunodeficiency, chronic organ failure, malignancy, severe malnutrition, immunotherapy or organ transplantation within the 
previous 6 months, or incomplete records (Figure 1).

Figure 1 Flowchart of the study participants. Abbreviations: LYMPH: Lymphocyte, CRP: C-reactive Protein.

Diagnosis and treatment of KD

KD, including classic and incomplete presentations, was diagnosed using clinical findings, laboratory results, and 
echocardiography in accordance with relevant guidelines [23–25]. Standard initial treatment was IVIG plus aspirin; repeat IVIG or 
IVIG combined with corticosteroids could be considered for resistant cases [23–26].

Determination of resistance to initial IVIG

After exclusion of other causes, initial IVIG resistance was defined as persistent fever above 38 ° C within 36 hours after IVIG and 
aspirin, or recurrent fever with at least one principal KD feature within 2 weeks, most commonly 2–7 days, after treatment [27].

Calculation of LCR upon admission

Admission LCR was calculated from lymphocyte count (LYMPH) and C-reactive protein (CRP) measured within 24 hours: LCR = 
LYMPH (×109/L) × 10,000 / CRP (mg/L) [16–19].

Data collection

De-identified data were obtained from the medical record departments by trained study personnel. The requirement for written 
informed consent was waived under institutional policy.
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Statistical analyses

Analyses were performed with SPSS version 22.0. Admission LCR was natural-log transformed and reported as lnLCR. Normally 
distributed continuous variables are presented as mean ± standard deviation and were compared with independent-samples 
t tests; non-normally distributed variables are presented as median (P25, P75) and were compared with Mann–Whitney U tests. 
Categorical variables were compared with chi-square tests. Because the study was exploratory, no adjustment was made for 
multiple comparisons. Variables with P < 0.05 in between-group analyses entered a multivariable logistic regression model using 
backward Wald selection. ROC analysis provided the area under the curve (AUC), optimal cutoff, sensitivity, specificity, positive 
predictive value (PPV), and negative predictive value (NPV). Given the small resistant group, significant predictors underwent 
post hoc power analysis in G*Power and 1,000-sample bootstrap validation in STATA 15.0. Two-sided P < 0.05 indicated statistical 
significance.

Results

Comparison of demographic characteristics and clinical parameters upon admission and during hospitalization 
between the initial IVIG-responsive group and the initial IVIG-resistant group

The cohort included 317 children (male-to-female ratio, 1.66:1): 299 were responsive and 18 were resistant to initial IVIG, yielding 
a resistance rate of 5.68%. Compared with responsive patients, resistant patients had higher neutrophil percentage, CRP, alanine 
aminotransferase, aspartate aminotransferase, and direct bilirubin; lower lymphocyte percentage, lymphocyte count, and lnLCR; 
and longer hospital stays (Table 1).

Table 1 Comparison of demographic characteristics and clinical parameters upon admission and during hospitalization 
between the initial IVIG-responsive group and the initial IVIG-resistant group
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Abbreviations: IVIG: Intravenous Immunoglobulin, WBC: White Blood Cell, NEUT%: Neutrophil Percentage, NEUT: Neutrophil, 
LYMPH%: Lymphocyte Percentage, LYMPH: Lymphocyte, PLT: Platelet, CRP: C-reactive Protein, ESR: Erythrocyte Sedimentation 
Rate, ALT: Alanine Aminotransferase, AST: Aspartate Aminotransferase, ALB: Albumin, TBIL: Total Bilirubin, DBIL: Direct Bilirubin, 
IBIL: Indirect Bilirubin, CK-MB: Creatine Kinase-MB, LCR: Lymphocyte-C-reactive Protein Ratio.

Analysis of the factors related to resistance to initial IVIG 

Admission lnLCR was independently associated with lower odds of initial IVIG resistance. Each one-unit increase reduced the odds 
to 0.509 of the previous value (95% confidence interval, 0.319–0.813; P = 0.005) (Table 2). Although length of stay was significant, it 
was considered a consequence rather than an early predictor of resistance.

Table 2 Analysis of the factors related to resistance to initial IVIG

Abbreviations: IVIG: Intravenous Immunoglobulin, SE: Standard Error, df: Degrees of Freedom, CI: Confidence Interval, LCR: 
Lymphocyte-C-reactive Protein Ratio.

The ROC curve of lnLCR upon admission to classify pediatric patients with KD into the initial IVIG-resistant group

Admission lnLCR yielded an AUC of 0.760 (95% confidence interval, 0.668–0.852) (Table 3; Figure 2). At the 6.170 cutoff, sensitivity 
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was 88.90%, specificity 65.20%, PPV 13.33%, NPV 98.98%, and the maximum Youden index 0.541.

Table 3 The AUC of lnLCR upon admission

Abbreviations: AUC: Area Under the ROC Curve, ROC: Receiver Operating Characteristic, LCR: Lymphocyte-C-reactive Protein Ratio, 
SE: Standard Error, CI: Confidence Interval.

Figure 2 The ROC curve of lnLCR upon admission to classify pediatric patients with KD into the initial IVIG-resistant 
group. Abbreviations: AUC: Area Under the ROC Curve, ROC: Receiver Operating Characteristic, LCR: Lymphocyte-C-reactive 
Protein Ratio, KD: Kawasaki Disease, IVIG: Intravenous Immunoglobulin.

Post hoc power analysis 

Post hoc power for the observed effect was 100%; however, this does not overcome the limitation imposed by only 18 resistant 
cases.

Bootstrap resampling analysis

In 1,000 bootstrap samples, admission lnLCR remained the only variable retained in the multivariable model.
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Abbreviations: LYMPH: Lymphocyte, CRP: C-reactive Protein, LCR: Lymphocyte-C-reactive Protein Ratio, KD: Kawasaki Disease, 
IVIG: Intravenous Immunoglobulin.

This study has several limitations. Its retrospective design and modest sample size limit causal inference and generalizability. 
Only 18 children were IVIG resistant, reducing model stability despite bootstrap validation. The high NPV partly reflects the low 
prevalence of resistance and may not apply to populations with higher event rates. Specificity was modest, and the single-marker 
model requires improvement. Finally, the findings were not externally validated. Large, prospective, multicenter studies should 
validate the cutoff and evaluate a multivariable model incorporating LCR before routine clinical use.

Conclusion

Discussion

In this two-center cohort, 5.68% of children with KD were resistant to initial IVIG, a rate lower than that reported in several 
domestic and international series but similar to another study from eastern China [28–32]. Regional, ethnic, treatment, or 
case-mix differences may contribute. Although several admission variables differed between groups, only lnLCR remained an 
independent early factor after multivariable analysis and bootstrap validation. The association was clinically plausible: a lower 
lymphocyte count combined with a higher CRP concentration reflects a stronger systemic inflammatory response and weaker 
adaptive immune balance. Hospital stay was also associated with resistance but is unsuitable for prediction because it occurs 
after the treatment response is known.

Current KD management generally uses the same initial IVIG–aspirin regimen for most patients, whereas a reliable early 
risk marker could support more individualized care. Additional immunomodulators, including infliximab, cyclosporine, and 
corticosteroids, have been studied in resistant or high-risk KD [33–35]. Existing scores such as the Kobayashi, Formosa, Egami, 
Sano, and Harada models have limited transportability across Japanese and non-Japanese populations [36–39]. In our study, 
the probability of resistance increased as admission lnLCR decreased. A value below 6.170 identified a higher-risk group, whereas 
a value above this threshold had a high NPV and effectively excluded resistance in this cohort (Figure 3). The low PPV, however, 
means that lnLCR should not be used alone to justify intensified therapy. Rather, it may complement clinical assessment, 
echocardiography, and other laboratory markers, identify children who warrant closer surveillance, and inform the development 
of multivariable prediction tools. Prospective studies should determine whether LCR-guided strategies improve coronary 
outcomes or reduce unnecessary treatment.
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Admission LCR is a readily available, low-cost biomarker with potential value for predicting initial IVIG resistance and supporting 
risk stratification in pediatric KD. Because this exploratory study included few resistant cases and showed modest specificity, 
external prospective validation is required before LCR is used to guide treatment.
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Mechanism-Guided Mobile Decision Support and Early Functional Outcomes After 
Severe Acute Brain Injury: A Two-Center Propensity Score-Matched Cohort Study

Abstract

Background: Severe acute brain injury (SABI) produces interacting disturbances in systemic host responses, cerebral 
oxygen metabolism, intracranial compliance, cerebral perfusion/autoregulation, and cerebrospinal-fluid dynamics. Although 
contemporary guidelines address individual domains, bedside integration remains difficult when physiological priorities compete 
and reassessment is delayed. SMOOTH is a standardized, non-prescriptive mobile workflow comprising sedation and analgesia; 
targeted temperature management and multidisciplinary coordination; intracranial pressure/compliance management using 
optic nerve sheath diameter and invasive intracranial pressure when available; integrated cardiopulmonary-hemodynamic 
optimization; and time-sensitive TCD/TCCD cerebral blood-flow assessment. The “1+3+1” thinking chain provides the 
mechanism-guided sequence for clinical prioritization.

Objective: To evaluate whether documented SMOOTH-assisted management was associated with early functional outcomes in 
adults with SABI.

Methods: We conducted an exposure-defined, two-center, propensity score-matched retrospective cohort study. Adults with 
intracerebral hemorrhage, subarachnoid hemorrhage, or traumatic brain injury and admission Glasgow Coma Scale score ≥ 4 
were eligible. SMOOTH exposure required patient-level documentation of platform-supported physiological reassessment, 
structured SMOOTH assessment aligned with the “1+3+1” chain, TCD/TCCD-guided review, or severity-adaptive reassessment 
prompting. Controls had no documented SMOOTH workflow and were matched within center at a 1:1.5 ratio. The primary 
outcome was functional independence at discharge, defined as modified Rankin Scale (mRS) score ≤ 2.

Results: The matched cohort included 40 SMOOTH-exposed patients and 60 standard-care controls. All postmatch absolute 
standardized mean differences were <0.10. Discharge functional independence occurred in 70.0% versus 41.7%, respectively. 
SMOOTH exposure was independently associated with the primary outcome (adjusted odds ratio 4.81, 95% CI 1.75–13.18; 
P=0.002), with an absolute between-group difference of 28.3 percentage points. The discharge mRS distribution shifted favorably 
(Mann–Whitney P=0.005; rank-biserial r=0.325). Favorable GOS-E and fewer intracranial pressure crises were consistent secondary 
signals; Firth and ridge-penalized models yielded concordant estimates.

Conclusion: Documented SMOOTH-assisted management was associated with better early functional outcomes and fewer 
intracranial pressure crises. These observational findings are hypothesis-generating and require prospective multicenter 
validation with standardized monitoring and blinded long-term outcome assessment.

Keywords: severe acute brain injury; clinical decision support; SMOOTH; “1+3+1” thinking chain; neurocritical care; propensity 
score matching; functional outcome

1. Research Background and Current Status

Severe acute brain injury includes clinically diverse disorders such as intracerebral hemorrhage, aneurysmal subarachnoid 
hemorrhage, and traumatic brain injury, but these conditions share a convergent secondary-injury physiology. After the 
primary insult, systemic stress responses, cerebral metabolic demand, intracranial compliance, autoregulation, perfusion, and 
cerebrospinal-fluid dynamics may deteriorate simultaneously and amplify one another. Sympathetic activation and extracerebral 
organ dysfunction can destabilize oxygen delivery; impaired compliance can promote intracranial pressure escalation; and 
disturbed perfusion or autoregulation can deepen ischemia–hypoxia. Timely coordination of these processes is central to 
preserving the neurovascular unit and preventing potentially reversible physiological abnormalities from becoming irreversible 
neuronal injury [1–4].

Guidelines for intracerebral hemorrhage, subarachnoid hemorrhage, traumatic brain injury, intracranial pressure management, 
multimodality monitoring, mechanical ventilation, and neurocritical ultrasound provide evidence-based recommendations for 
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individual domains [2–7]. However, real-world care requires clinicians to reconcile competing goals under time pressure. Osmotic 
therapy may lower intracranial pressure while complicating preload or perfusion targets; induced hypertension may be limited by 
cardiac reserve; and deeper sedation may reduce cerebral metabolic demand while delaying neurologic assessment. This gap is 
primarily one of decision architecture and implementation rather than absence of evidence [8,9].

SMOOTH was developed as a standardized bedside workflow for goal-oriented, multimodal SABI management [10]. It includes 
sedation and analgesia (S); targeted temperature management and multidisciplinary coordination (M); intracranial pressure and 
compliance management (O1), incorporating optic nerve sheath diameter and invasive intracranial pressure when available; 
cardiopulmonary-hemodynamic optimization (O2), integrating cardiac output/blood pressure, respiratory rate/drive, oxygenation, 
and carbon dioxide targets; and TCD/TCCD-based cerebral blood-flow assessment within 1 hour (T/H). The “1+3+1” thinking 
chain sequences these elements by prioritizing systemic host-response control, three cerebral microenvironment priorities—
oxygen-metabolic balance, intracranial pressure/compliance, and cerebral perfusion/autoregulation—and cerebrospinal-fluid 
circulation and drainage. The mobile platform supports structured assessment, visualization, time-sensitive reassessment, and 
rule-based identification of cross-domain conflicts without prescribing treatment or replacing clinician judgment.

2. Objective

To determine whether documented SMOOTH-assisted management was associated with improved early functional outcomes in 
adults with SABI compared with propensity score-matched standard care.

3. Study Design and Methods

Design and setting: This was an exposure-defined, two-center, propensity score-matched retrospective cohort study conducted 
at West China Hospital, Sichuan University (Center A), and the Second People’s Hospital of Yibin (Center B). Institutional ethics 
approval was obtained at both centers, and de-identified data were analyzed in accordance with institutional requirements.

Participants: Adults aged ≥ 18 years admitted to the ICU with intracerebral hemorrhage, subarachnoid hemorrhage, or traumatic 
brain injury and admission GCS score ≥ 4 were eligible. Exclusion criteria were age <18 years, GCS <4, withdrawal of life-sustaining 
treatment within 24 hours, ICU stay <48 hours, or incomplete primary outcome data.

Exposure and comparator: Because SMOOTH was introduced through phased bedside adoption, exposure was defined 
by patient-level documentation rather than calendar period alone. Exposure required a patient-specific record of structured 
physiological reassessment, structured SMOOTH assessment aligned with the “1+3+1” chain, TCD/TCCD-guided review, or 
severity-adaptive reassessment prompting before discharge outcome ascertainment. Standard-care patients had no documented 
SMOOTH-assisted workflow, structured prompts, or platform conflict alerts.

Matching: The complete screening files contained 527 records: 40 documented SMOOTH-exposed patients and 487 potential 
controls. After exclusion of 59 controls with admission GCS <4 and four with missing diagnosis or baseline matching variables, 
424 controls entered the matching pool. Propensity scores were estimated using age, sex, admission GCS, diagnosis, pupillary 
reactivity, CT midline shift, and emergency surgery. Nearest-neighbor matching was performed independently within each center 
at a 1:1.5 ratio using a caliper of 0.2 standard deviations of the logit propensity score. The final cohort contained 40 exposed 
patients and 60 controls.

Outcomes and analysis: The primary outcome was discharge functional independence (mRS 0–2). Secondary outcomes 
included favorable GOS-E ( ≥ 6), 28-day functional outcomes and survival, discharge GCS, intracranial pressure crisis, cerebral 
herniation, and systemic complications. The primary model used multivariable logistic regression adjusted for age, admission 
GCS, pupillary reactivity, CT midline shift, emergency surgery, diagnosis, and center. Firth and ridge-penalized logistic regression 
addressed sparse-data bias. Prespecified subgroup analyses evaluated center, diagnosis, age, GCS severity, and emergency 
surgery. Secondary binary outcomes were interpreted with false-discovery-rate control.
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4. Results

Cohort balance: Within-center matching selected 20 SMOOTH-exposed patients and 30 controls from each center. The matched 
groups were similar in age, sex, admission GCS, diagnosis, pupillary abnormalities, CT midline shift, and emergency surgery. All 
postmatch absolute standardized mean differences were <0.10, indicating acceptable measured covariate balance (Table 1).

Primary outcome: Discharge functional independence occurred in 28/40 SMOOTH-exposed patients (70.0%) and 25/60 
controls (41.7%). The crude odds ratio was 3.27 (95% CI 1.40–7.64; P=0.008). In the prespecified adjusted model, SMOOTH 
exposure remained associated with functional independence (aOR 4.81, 95% CI 1.75–13.18; P=0.002). The absolute between-
group difference was 28.3 percentage points. Because exposure was not randomized, this difference represents an observational 
association rather than a causal treatment effect.

Ordinal and secondary outcomes: The full discharge mRS distribution shifted toward lower disability in the SMOOTH group 
(P=0.005; rank-biserial r=0.325). Favorable GOS-E occurred more frequently at discharge and 28 days, and intracranial pressure 
crisis occurred less frequently. After false-discovery-rate assessment, discharge GOS-E, 28-day GOS-E, and intracranial pressure 
crisis remained the most robust secondary signals (Table 2; Figure 2).

Robustness: Firth penalized regression (aOR 4.03, 95% CI 1.53–10.59) and ridge regression (aOR 3.99, 95% CI 1.58–10.04) were 
consistent with the primary estimate. The association remained directionally concordant after excluding the small traumatic brain 
injury subgroup and across prespecified clinical strata; no interaction test identified statistically significant heterogeneity (Figure 
3).
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5. Discussion

In this matched two-center cohort, documented SMOOTH-assisted management was associated with a clinically large early 
functional signal. The association was supported by an ordinal shift across the full mRS distribution, not only by a single 
dichotomization threshold, and by concordant secondary outcomes involving GOS-E, neurologic recovery, and intracranial 
pressure crisis. Penalized models and subgroup analyses reduced concerns regarding sparse-data instability but cannot establish 
causality.

SMOOTH should be interpreted as an implementation and decision-support intervention rather than a new treatment bundle. 
It does not mandate drugs, procedures, or fixed physiological targets. Its purpose is to organize existing evidence-supported 
actions, make physiological trade-offs explicit, prompt timely reassessment, and preserve a consistent reasoning sequence when 
systemic and cerebral priorities compete. This role is particularly relevant to neurocritical care, in which clinical quality depends 
on continuous coordination of multiple targets rather than one isolated intervention [8,9].

The lower frequency of intracranial pressure crisis is mechanistically coherent with earlier recognition of impaired compliance, 
more consistent TCD/TCCD reassessment, and structured prioritization of ICP–perfusion conflicts. Nevertheless, monitoring 
intensity may have differed between groups and could influence event detection. The study also has important limitations: 
nonrandom exposure, residual confounding, phased implementation, incomplete disease-specific severity variables, a small 
matched sample, exploratory subgroup analyses, and use of discharge rather than blinded 90-day outcomes. The contribution of 
individual workflow components cannot be separated.

Prospective multicenter evaluation should use standardized disease-specific severity measures, predefined adherence and 
process metrics, uniform neuromonitoring definitions, independent long-term outcome adjudication, and explicit control of 
center and calendar-time effects. Such studies should determine whether benefit is mediated mainly by structured reassessment, 
earlier recognition of intracranial vulnerability, TCD/TCCD integration, conflict recognition, or more reliable execution of evidence-
based care.

6. Conclusion
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Documented SMOOTH-assisted management was associated with higher early functional independence, a favorable discharge 
mRS shift, and fewer intracranial pressure crises in adults with SABI. These findings support prospective multicenter validation 
but should not be interpreted as causal evidence or a basis for immediate practice change.
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Metagenomic next-generation sequencing-guided antimicrobial treatment 
versus conventional antimicrobial treatment in early severe community-acquired 
pneumonia among immunocompromised patients (MATESHIP): A study protocol

Background and Scope

Background: Severe community-acquired pneumonia (SCAP) is the main sequencing-guidedantimicrobial treatmentversusconventional 
cause of mortality in immunocompromised patients.

Results

Compared with antimicrobialtreatmentinearlysevere conventional microbiological tests (CMT), metagenomic next-generation 
community-acquiredpneumonia amongimmunocompromisedpatients sequencing (mNGS) can quickly and simultaneously 
detect a wide array of (MATESHIP):Astudyprotocol. bacteria, viruses, and fungi in an unbiased manner. It is increasingly used 
Front.Microbiol.13:927842. forsevererespiratoryinfectiousdiseases,especiallyforimmunocompromised patients. However, the 
effects of mNGS-based antimicrobial treatment ©2022Fan,Si,Xu,Yan,Pang,Liu, proceduresonclinicaloutcomesinimmunocompro
misedpatientswithSCAP .Thisisan havenotbeenevaluated. open-accessarticledistributedunder thetermsoftheCreativeCommons 
Methods/Design:TheMATESHIPstudyisaprospective,multicenter,parallel- (CCBY).Theuse, distributionorreproductioninother 
group, open-label, randomized controlled trial from 20 ICUs in . owner(s)arecreditedandthatthe Wewillenroll342immunoco
mpromisedpatientswithearlyonsetSCAPwho originalpublicationinthisjournalis are admitted to an intensive care unit (ICU). 
Participants will be randomly allocated to an mNGS-guided treatment group or a conventional treatment academicpractice.
Nouse,distribution orreproductionispermittedwhich group (guided by CMT), according to centrally computer-based block 
doesnotcomplywiththeseterms. randomization stratified by participating centers. Participants will undergo CMTtestsusinga
ppropriatelowerrespiratorytract(LRT)andothernecessary specimens, with or without mNGS tests using LRT specimens. The 
primary 01 frontiersin.org fmicb-13-927842 July27,2022 Time:14:36 #2 Fanetal. 10.3389/fmicb.2022.927842 outcomes will be: 
(1) The relative change in (SOFA) score from randomization to day 5, day 7, day 10, or the day of ICU discharge/death; and (2) 
the consumption of antimicrobial agents during ICU stay (expressed as defined daily doses). The secondary outcomemeasures
willbe:daysfromrandomizationtoinitiationofdefinitive antimicrobialtreatment;overallantimicrobialagentuseandcost;totalcost
of rate.ThisstudyhypothesizesthatmNGS-guidedtreatmentwilldecreasethe degreeoforgandysfunction/failure,theconsumptiono
fantimicrobialagents, andmortality,whilethecureratewillbeincreased,andthetimetoinitiation ofappropriatetherapywillbeadvan
ced. Discussion: The MATESHIP study will evaluate for the first time whether mNGS-guided antimicrobial therapy improves the 
outcomes of SCAP in an immunocompromised population, and provide high-level evidence on the applicationofmNGSinthemana
gementofthispopulation.

Conclusion and Implications

[.gov],identifier[NCT05290454].
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miR-497-5p 调控外泌体 PD-L1 表达促进脓毒症中 Foxp3+T 细胞上调的机制研究

一、论文摘要

脓毒症是由感染引起的宿主反应失调所导致的危及生命的器官功能障碍。随着疾病进展，部分患者可由早期高炎症反应逐渐转入免疫抑制
状态，表现为淋巴细胞减少、T 细胞功能低下、免疫检查点分子上调以及 Foxp3+ 调节性 T 细胞增加。该免疫抑制状态会削弱机体清除病
原体的能力，增加继发感染风险，是影响脓毒症患者预后的重要因素。研究显示，脓毒性休克患者血清外泌体 miR-497-5p 明显降低，而
PD-L1 表达升高，二者呈负相关。

针对这一现象，后续实验结合临床样本、CLP 脓毒症小鼠模型、肺上皮细胞体外转染、外泌体分离鉴定、CD4+T 细胞共培养、流式细胞术、
RT-qPCR、Western blot、双荧光素酶报告实验、RNA 测序、免疫荧光、共免疫沉淀及分子对接等方法进行系统验证。临床部分纳入 78
例脓毒症及脓毒性休克患者，均依据 Sepsis 3.0 标准诊断。

结果显示，脓毒性免疫抑制期（mHLA-DR ≤ 8000）患者血清外泌体 PD-L1 明显升高，而 miR-497-5p 显著降低；在 CLP 小鼠模型中，
血清外泌体 miR-497-5p 随疾病进展逐渐下降，而外泌体 PD-L1 表达逐渐升高。进一步功能实验发现，抑制 miR-497-5p 后，肺上皮细胞
及其分泌外泌体中的 PD-L1 表达均明显增加，并伴随脾脏 CD25+Foxp3+Treg 细胞比例升高、IL-10 增加、肺组织损伤加重及死亡率上升。

机制研究进一步证实，miR-497-5p 可直接靶向 PD-L1 并抑制其表达。miR-497-5p 下调后，肺上皮细胞释放的 PD-L1 高表达外泌体可
通过两条互补路径促进 Foxp3+Treg 细胞分化：一方面，外泌体表面 PD-L1 与 CD4+T 细胞上的 PD-1 结合，激活 PD-1/SHP-1/STAT3/
RORγt/Foxp3 信号通路；另一方面，外泌体 PD-L1 可被 CD4+T 细胞摄取，并通过其胞质尾部与 PIAS3 发生相互作用，促进 STAT3 SUMO 化，
从而进一步稳定免疫抑制相关信号状态。PD-L1 阻断抗体可显著逆转外泌体 PD-L1 诱导的 Treg 扩增效应。

综上，本研究提出了一个新的脓毒症免疫抑制调控模式：miR-497-5p 下降解除对 PD-L1 的抑制，导致肺上皮细胞来源 PD-L1 高表达外泌
体释放增加；这些外泌体通过膜表面 PD-L1/PD-1 信号及胞内 PD-L1/PIAS3/STAT3 SUMO 化机制，共同促进 Foxp3+Treg 细胞扩增，推
动脓毒症向免疫抑制状态进展。 研究亦提示 miR-497-5p/ 外泌体 PD-L1 轴可能成为脓毒症免疫抑制早期识别和精准干预的新靶点。

二、研究内容

1. 研究背景和现状

脓毒症是重症医学领域常见且危重的临床综合征，其本质是感染诱导的宿主免疫反应失衡。传统观点多强调脓毒症早期的炎症风暴，但近
年来研究逐渐认识到，持续性免疫抑制同样是决定患者预后的关键因素。许多脓毒症患者在病程中后期出现免疫细胞功能耗竭、抗原递呈
能力下降、淋巴细胞减少以及免疫检查点分子异常升高，导致机体对病原体和继发感染的清除能力下降。
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Foxp3+ 调节性 T 细胞是免疫抑制阶段的重要细胞群。Treg 细胞可通过分泌 IL-10、TGF-β 等免疫抑制因子，抑制效应 T 细胞活化与增殖，
维持免疫耐受。在生理状态下，这一功能有助于避免过度炎症损伤；但在脓毒症中，Treg 细胞过度扩增可能进一步削弱抗感染免疫反应，
促进免疫麻痹和继发感染。因此，阐明脓毒症中 Treg 异常扩增的上游机制，对于寻找新的免疫干预靶点具有重要意义。

PD-1/PD-L1 通路是调控 T 细胞免疫活性的关键免疫检查点通路。脓毒症患者中 PD-1 和 PD-L1 表达升高，与 T 细胞耗竭、免疫抑制和不
良预后密切相关。PD-L1 在体内主要包括膜结合型 PD-L1、可溶性 PD-L1 和外泌体 PD-L1 三种形式，其中外泌体 PD-L1 被认为是血清
PD-L1 的重要存在形式。外泌体作为细胞间通讯的重要载体，可携带蛋白、miRNA、mRNA 和脂质等分子，参与远距离免疫调控。原文
也指出，外泌体 PD-L1 是血清 PD-L1 的重要形式，而外泌体可通过转运多种活性分子调控靶细胞功能。

目前，外泌体 PD-L1 在肿瘤免疫逃逸中的作用已有较多研究，但其在脓毒症免疫抑制中的来源、调控方式及作用机制仍不清楚。尤其是，
哪些上游分子控制 PD-L1 进入外泌体，以及这些 PD-L1 高表达外泌体如何诱导 Treg 细胞扩增，仍缺乏系统阐明。

miRNA 是重要的转录后调控分子，可通过结合靶基因 3'UTR 抑制靶基因表达。已有研究表明，多种 miRNA 参与脓毒症炎症反应、免疫
调节和器官损伤过程，但 miRNA 是否可通过调控免疫检查点分子，尤其是外泌体 PD-L1，参与脓毒症免疫抑制，目前仍是值得深入研究
的问题。

基于此，本研究聚焦 miR-497-5p，探索其对肺上皮细胞 PD-L1 表达及外泌体 PD-L1 释放的调控作用，并进一步解析 PD-L1 高表达外泌
体促进 Foxp3+Treg 细胞分化的机制。该研究的重点并不只是发现一个差异表达 miRNA，而是建立一条较完整的调控链条：miR-497-5p
下降—PD-L1 解除抑制—PD-L1 高表达外泌体释放—CD4+T 细胞向 Foxp3+Treg 分化—脓毒症免疫抑制加重。

2. 研究目的

本研究旨在阐明 miR-497-5p/ 外泌体 PD-L1 轴在脓毒症免疫抑制中的作用及机制，主要包括以下几个方面。

①　明确脓毒症及脓毒性休克患者血清外泌体 miR-497-5p 和 PD-L1 的表达变化，并分析二者之间的相关性，判断其是否与脓毒症免疫抑
制进展相关。

②　验证 miR-497-5p 是否可直接靶向 PD-L1，并明确 miR-497-5p 下调是否能够促进肺上皮细胞 PD-L1 表达及 PD-L1 高表达外泌体释放。

③　探讨肺上皮细胞来源 PD-L1 高表达外泌体是否能够诱导 CD4+T 细胞向 Foxp3+Treg 细胞分化，并评估这一过程是否依赖 PD-L1/PD-1
通路。

④　进一步解析外泌体 PD-L1 促进 Treg 分化的分子机制，重点关注两条路径：一是经典的 PD-1/SHP-1/STAT3/RORγt/Foxp3 信号通路；
二是外泌体 PD-L1 被 CD4+T 细胞摄取后，通过胞内 PD-L1/PIAS3 相互作用促进 STAT3 SUMO 化的机制。

3. 研究设计

临床部分首先比较脓毒症患者和脓毒性免疫抑制期患者血清外泌体中 miR-497-5p 和 PD-L1 的表达差异，并分析二者相关性，为后续机制
研究提供临床依据。该部分的重点是确认 miR-497-5p 下降和外泌体 PD-L1 升高是否与更严重的脓毒症状态相关。

动物实验部分采用 CLP 模型模拟脓毒症进展，动态观察血清外泌体 miR-497-5p 和 PD-L1 在病程中的变化。同时，通过尾静脉注射
antagomiR-497-5p 或 miR-497-5p mimic，进一步验证 miR-497-5p 对 PD-L1 表达、外泌体 PD-L1 释放、Treg 比例、IL-10 水平、肺组
织损伤和生存率的影响。

细胞实验部分以肺上皮细胞为主要研究对象，通过敲低或过表达 miR-497-5p，观察 PD-L1 表达及其分泌外泌体中 PD-L1 水平的变化。随
后将不同来源的外泌体与人外周血 CD4+T 细胞共培养，检测 Foxp3+Treg 细胞分化情况，从而明确外泌体 PD-L1 对 T 细胞命运的直接影响。

机制实验部分进一步引入 PD-L1 阻断抗体、PD-L1 敲除小鼠、外泌体分泌抑制剂 GW4869、RNA 测序、共免疫沉淀及分子对接等方法，
分别验证 PD-L1 依赖性、外泌体依赖性以及下游信号机制。整体设计层层递进，逻辑上由“现象发现”过渡到“功能验证”，再深入到“分
子机制解释”。

4. 研究方法

本研究使用多种实验方法从不同层面验证 miR-497-5p/ 外泌体 PD-L1 轴的作用。

临床样本方面，研究者采集脓毒症及脓毒性免疫抑制期患者血清，分离血清外泌体，并通过 RT-qPCR 检测 miR-497-5p 表达，通过
Western blot 检测外泌体 PD-L1 水平。外泌体采用超速离心法分离，并结合透射电镜、纳米颗粒跟踪分析以及 CD9、HSP70、TSG101
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等标志蛋白进行鉴定。

动物实验方面，建立 CLP 脓毒症小鼠模型，观察不同时间点血清外泌体 miR-497-5p 及 PD-L1 表达变化。通过尾静脉注射 antagomiR-
497-5p 抑制 miR-497-5p 表达，或给予 miR-497-5p 富集外泌体进行干预，评估其对 Treg 扩增、肺组织损伤及生存结局的影响。

细胞实验方面，采用 BEAS-2B 和 TC-1 肺上皮细胞，通过慢病毒转染或相关核酸干预调节 miR-497-5p 水平，随后检测细胞内 PD-L1 及其
分泌外泌体中 PD-L1 表达。双荧光素酶报告实验用于验证 miR-497-5p 与 PD-L1 之间的直接靶向关系。

免疫学检测方面，采用流式细胞术检测 CD25+Foxp3+Treg 细胞比例，采用多因子检测分析 IL-10 等免疫抑制相关细胞因子，采用免疫荧
光观察 PD-L1 组织定位及外泌体摄取情况，采用 HE 染色评估肺组织病理损伤。

机制研究方面，RNA 测序用于筛选外泌体 PD-L1 作用于 CD4+T 细胞后的关键差异通路；Western blot 检测 PD-1、SHP-1、STAT3、
RORγt、Foxp3 及 PIAS3 等蛋白变化；共免疫沉淀用于验证 PD-L1 与 PIAS3 的相互作用，以及 STAT3 SUMO 化水平；分子对接和 SASA
分析用于预测 PD-L1 胞质尾部与 PIAS3 结合的结构基础，并评估该结合是否可能影响 PIAS3 泛素化位点暴露。

5. 结果及结论

本研究首先发现，脓毒性免疫抑制期患者血清外泌体 miR-497-5p 显著下降，而 PD-L1 表达明显升高，且二者呈负相关。这一结果提示，
miR-497-5p 下降可能与外泌体 PD-L1 升高及脓毒症免疫抑制进展有关。CLP 小鼠实验进一步验证了这一趋势，即随着脓毒症进展，血清
外泌体 miR-497-5p 逐渐降低，而 PD-L1 表达逐渐增加。

功能实验表明，抑制 miR-497-5p 可显著增强肺上皮细胞 PD-L1 表达，并促进 PD-L1 高表达外泌体释放。与此同时，动物体内 Treg 细胞
比例升高，IL-10 水平增加，肺损伤加重，死亡率升高。相反，miR-497-5p 富集外泌体可降低 Treg 细胞扩增并改善肺组织损伤，提示恢
复 miR-497-5p 水平可能具有一定免疫调节和组织保护作用。

进一步机制研究明确，miR-497-5p 可直接靶向 PD-L1 并抑制其表达。当 miR-497-5p 下降时，PD-L1 表达解除抑制，肺上皮细胞释放更
多 PD-L1 高表达外泌体。这些外泌体可直接作用于 CD4+T 细胞，促进其向 Foxp3+Treg 细胞分化，而 PD-L1 阻断抗体能够明显削弱这一
效应，说明外泌体 PD-L1 是驱动 Treg 扩增的关键分子。

在分子机制上，本研究提出了两条相互补充的通路。第一，外泌体表面的 PD-L1 与 CD4+T 细胞表面的 PD-1 结合后，促进 SHP-1 募集并
诱导 STAT3 去磷酸化，进而降低 RORγt 蛋白表达。由于 RORγt 可抑制 Foxp3 表达，其下降使 Foxp3 表达上调，从而推动 Treg 分化。
第二，外泌体 PD-L1 可被 CD4+T 细胞摄取，并通过其胞质尾部与 PIAS3 发生相互作用。该相互作用可能减少 PIAS3 泛素化位点暴露，增
强 PIAS3 稳定性，进而促进 STAT3 SUMO 化，进一步维持 STAT3 低活性状态并强化 Foxp3 表达。

因此，本研究的核心结论可以概括为：在脓毒症中，miR-497-5p 下调解除其对 PD-L1 的抑制，导致肺上皮细胞来源 PD-L1 高表达外泌体
增加；这些外泌体通过膜表面 PD-L1/PD-1 信号和胞内 PD-L1/PIAS3/STAT3 SUMO 化机制，共同促进 Foxp3+Treg 细胞扩增，推动机体
进入免疫抑制状态。

本研究的重要创新在于，不仅发现 miR-497-5p 是调控 PD-L1 表达的重要上游分子，还进一步揭示了外泌体 PD-L1 在脓毒症免疫抑制中
的双重作用模式：既可作为膜表面免疫检查点配体激活 PD-1 相关信号，也可进入 T 细胞内与 PIAS3 相互作用，调控 STAT3 SUMO 化。
这一发现拓展了对外泌体 PD-L1 功能的认识，也为脓毒症免疫抑制的早期识别和精准干预提供了新的潜在靶点。
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Neuro-Somatic Functional Integration in ICU Rehabilitation: Independent and 
Combined Impact of Mobility and Circadian Regulation on Mechanical Ventilation 
Duration and Survival

Abstract

Mechanical ventilation (MV) is a critical life-sustaining intervention, yet it frequently results in Post-Intensive Care Syndrome 
(PICS), characterized by ICU-acquired weakness and circadian rhythm disruption due to the persistent high-intensity artificial 
lighting and noise of the ICU environment. This prospective, four-arm randomized controlled trial (n=230) was designed to 
systematically disentangle and quantify the independent and combined effects of early bedside-assisted exercise and circadian 
rhythm management in mechanically ventilated patients. Participants were randomized into Control, Exercise, Rhythm, and 
Combined groups, with rigorous baseline equilibrium maintained across age and disease severity. Our results demonstrate that 
the Combined group achieved the most profound clinical improvements, significantly reducing MV duration to 130.66±49.52 
hours (30.5% reduction vs. Control, p<0.001) and ICU length of stay to 9.82±2.59 days (p<0.001). Notably, the Combined group 
exhibited a substantial survival advantage with a 28-day mortality rate of only 6.9%, compared to 35.0% in the Control group 
(p<0.001). Mechanistically, early exercise emerged as the primary driver for somatic recovery, yielding the highest MRC muscle 
strength scores (49.09±8.68), while circadian management optimized neurophysiological status by significantly lowering total 
sedative doses (27.01±7.65 mg/kg/d) and improving sleep quality (RCSQ: 63.08±16.97). At the 6-month follow-up, the Combined 
group outperformed all other groups in Physical (PCS) and Mental Component Summaries (MCS), with a 13.8-point improvement 
in Physical Functioning that exceeded the minimum clinically important difference. These findings provide high-level evidence 
that a multi-modal, non-pharmacological strategy is safe, feasible, and superior to isolated interventions in mitigating PICS and 
improving long-term prognosis for critically ill patients.

1.Introduction

Mechanical ventilation (MV) constitutes a critical life-sustaining intervention for patients with respiratory failure in the intensive 
care unit (ICU)(Bellani et al. 2016, Moussanang et al. 2025). However, alongside advances in critical care medicine that have 
markedly improved patient survival rates, survivors frequently face enduring physical, cognitive, and psychosocial impairments. 
This spectrum of clinical manifestations is collectively termed the Post-Intensive Care Syndrome (PICS)(Schembari et al. 2024). 
Among these, ICU-acquired weakness (ICU-AW) and delirium represent the most prevalent and debilitating complications in 
mechanically ventilated patients(Shahu et al. 2023). Research indicates that ICU-AW exhibits an exceptionally high incidence 
among patients undergoing prolonged mechanical ventilation, owing to the extended immobilisation required for treatment and 
severe inflammatory responses(Wolfe et al. 2018). This significantly compromises successful weaning rates and long-term quality 
of life. Furthermore, this issue imposes a substantial economic burden upon healthcare systems. The substantial daily treatment 
costs for ICU patients, coupled with prolonged hospital stays due to delayed recovery, directly exacerbate the strain on healthcare 
resources(Hill et al. 2016). Consequently, developing non-pharmacological intervention strategies that both improve patients' 
long-term functional outcomes and effectively shorten intensive care duration has become an urgent priority in critical care 
medicine(Wolfe et al. 2018).

Beyond the confounding factors, the unique environmental conditions of the ICU—namely its round-the-clock medical care 
model—also significantly contribute to poor outcomes(Leggett et al. 2026). The ICU environment typically involves persistent 
high-intensity artificial lighting, frequent instrument alarms, and continuous medical procedures throughout the night. This 
unnatural sensory stimulation severely disrupts patients' circadian rhythms(Leggett et al. 2026). Physiological research indicates 
that circadian rhythm disruption not only causes sleep deprivation and abnormal melatonin secretion but is also closely 
associated with immune suppression and excessive sympathetic nervous system activation(Senthil et al. 2025a). It represents an 
independent risk factor for inducing ICU delirium and directly contributes to increased mortality rates(Li et al. 2025a). To address 
these challenges, early mobilisation and environmental management have been prioritised. Substantial evidence indicates that 
early, structured bedside exercise effectively improves muscle strength and functional status(Sun et al. 2024). Concurrently, 
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circadian rhythm management through light exposure and noise control has been demonstrated to enhance sleep quality and 
reduce delirium incidence(Hiemstra et al. 2025, Lucchini et al. 2025). However, in current clinical practice, these two interventions 
are often implemented separately. Although current bundled care protocols recommend integrating these measures, in practice 
they are frequently delivered as a package. This makes it difficult for researchers to isolate and quantify the specific contribution 
weighting of individual interventions. It remains unclear whether environmental management reduces delirium, thereby 
facilitating exercise, or whether exercise improves sleep, thereby reducing delirium.

In light of this, the present study aims to systematically evaluate the independent and combined effects of early bedside-
assisted exercise and circadian rhythm management on mechanically ventilated patients through a prospective, four-arm 
randomised controlled trial (RCT). This study will clearly disentangle and quantify the independent contributions of these two 
non-pharmacological interventions to mechanical ventilation duration, ICU length of stay, and delirium incidence. The findings 
will provide evidence for elucidating synergistic mechanisms in ICU rehabilitation, and furnish high-level evidence-based medical 
data for developing tiered, precision-oriented multidisciplinary collaborative rehabilitation strategies and allocating healthcare 
resources within the ICU.

2. Materials and Methods

2.1 Study Design and Ethics

This study employed a prospective, single-centre, four-arm randomised controlled trial design to determine the independent and 
combined effects of early bedside assisted mobility and circadian rhythm management in mechanically ventilated patients. The 
research protocol strictly adhered to the principles of the Declaration of Helsinki and received approval from the hospital ethics 
committee. All participating patients or their legal representatives signed informed consent forms prior to enrolment(Medical and 
Sciences 2018).

2.2 Research Participants

The study subjects were selected from patients receiving mechanical ventilation in the intensive care unit (ICU). Inclusion criteria 
were as follows: age ≥ 18 years; anticipated duration of mechanical ventilation ≥ 48 hours; anticipated ICU stay ≥ 5days; and 
an Acute Physiology and Chronic Health Evaluation II (APACHE II) score between 15 and 35 points upon ICU admission(Legall et 
al. 1986). Patients were excluded if they presented with any of the following conditions: severe neuromuscular disease or spinal 
cord injury; terminal illness with a life expectancy of less than 3 months; refractory shock or severe hypoxaemia (PaO2/FiO2<100 
mmHg); increased intracranial pressure; pregnancy; or inability to participate in exercise interventions due to bilateral lower limb 
fractures or amputations.

2.3 Randomization and Grouping

Patients meeting inclusion criteria were randomly assigned to four groups in a 1:1:1:1 ratio using a computer-generated random 
number table. Grouping was as follows: the control group received routine ICU care, including standardised sedation, analgesia, 
respiratory management, and on-demand limb mobilisation; the exercise-only group received structured early bedside assisted 
exercise in addition to routine care; the Circadian Rhythm Group received standardised circadian rhythm management in addition 
to routine care; and the Combined Management Group received both the aforementioned early bedside assisted exercise and 
circadian rhythm management.

2.4 Intervention Protocols

The early bedside assisted exercise programme was applicable to both the exercise-only group and the combined management 
group. This intervention was conducted once daily, seven days per week. The research team implemented graded exercise based 
on patients' Richmond Agitation-Sedation Scale (RASS) scores(Sessler et al.): for deeply sedated patients (Level 1) with RASS 
scores ≤ -2, passive range-of-motion exercises were performed for all major joints; For patients with mild sedation or wakefulness 
(RASS score -1 to 0; Level 2), active-assisted movement, bed bridging exercises, and ankle pump exercises were performed; for 
patients with RASS score ≥ 0 and haemodynamic stability (Level 3), assisted bedside sitting-up, leg dangling, and sit-to-stand 
transfer training were conducted. To ensure safety, vital signs shall be continuously monitored during exercise. Exercise shall be 



0234     CCCC 2026

immediately terminated if systolic blood pressure exceeds the 90-180 mmHg range, oxygen saturation falls below 90%, or heart 
rate exceeds 130 beats per minute(Hodgson et al. 2014).

The circadian rhythm management programme applies to both single rhythm groups and composite management groups 
throughout the entire treatment period. This programme comprises four core elements(Lee and Wilcox 2022): Firstly, light 
regulation ensures horizontal illumination levels of ≥ 500 lux at eye level during daytime hours (07:00-19:00) via artificial or 
natural light sources, while non-emergency lighting is switched off at night and light-blocking eye masks are used. Secondly, 
noise control: establishing a ‘quiet period’ from 22:00 to 06:00, maintaining ambient noise ≤ 35 dB by minimising alarms and 
conversations. Thirdly, centralised care: concentrating non-urgent medical procedures during daytime hours to guarantee at least 
four consecutive hours of undisturbed sleep at night. Finally, time cue reinforcement: daily orientation discussions conducted by 
healthcare staff and encouraging daytime family visits(Darbyshire Jl Fau - Young and Young 2013).

2.5 Data Collection and Outcomes

Baseline data including patient demographics, APACHE II scores, and ICU admission diagnoses were collected at enrolment. The 
primary outcome measures were defined as duration of mechanical ventilation (hours) and length of ICU stay (days). Secondary 
outcome measures included: daily and total equivalent doses of sedative-analgesic medications (e.g., midazolam, propofol, 
fentanyl); incidence and duration of delirium assessed twice daily using the CAM-ICU; MRC muscle strength score(Kleyweg et al. 
1991) and time to first bedside sitting-up, assessed when patients were cooperative; sleep quality assessed by nurses using the 
Richards-Campbell Sleep Questionnaire (RCSQ)(Kleyweg et al. 2022); and 28-day all-cause mortality and quality of life at 6 months 
(SF-36 questionnaire)(Ware and Sherbourne 1992). Additionally, vital signs were recorded daily, and adverse events such as 
unplanned extubation were documented.

2.6 Statistical Analysis

All data were analysed using SPSS 26.0 software, adhering to the intention-to-treat (Ninet,  #11) principle(Kruse et al. 2002). 
For continuous variables, after normality testing, those meeting normal distribution were analysed using one-way analysis of 
variance (ANOVA), while those not meeting normality were analysed using the Kruskal-Wallis H test. For categorical variables, 
the chi-square test or Fisher's exact test was employed. To correct for baseline imbalances and analyse the independent impact 
of interventions on primary outcomes(Schober et al. 2018), multiple linear regression or Cox proportional hazards models were 
employed(David J Lederer 2019). All statistical tests were two-sided, with p < 0.05 deemed statistically significant.

3. Results

3.1 Baseline Demographic and Clinical Equilibrium

A total of 230 mechanically ventilated ICU patients were prospectively enrolled and randomized into four groups: Control (n=60), 
Exercise (n=57), Rhythm (n=55), and Combined (n=58). As summarized in Table 1, rigorous randomization ensured no statistically 
significant differences in baseline characteristics across groups, establishing a robust foundation for outcome comparisons. The 
overall study population had a mean age of 63.4±9.7 years, with a male predominance (57.4%), and a homogeneous disease 
severity profile reflected by the mean APACHE II score of 20.9± 5.1 (F=1.17, df=3/226, p=0.324). Baseline sedation depth, assessed 
by the RASS score (-1.42 ± 0.71), was consistent among groups (F=1.58, df=3/226, p=0.195), indicating standardized initial 
sedation management. Additionally, the prevalence of comorbidities including diabetes mellitus (3.9%) and hypertension (3.7%) 
showed no intergroup variations (χ²=1.02, df=3, p=0.779). These findings collectively confirm the success of randomization in 
achieving intergroup balance, eliminating potential confounding from baseline disparities.

Table 1. Baseline characteristics of the study population at ICU admission
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3.2 Combined Intervention Drives Superior Recovery and Survival

3.2.1 Duration of Mechanical Ventilation and ICU Length of Stay

Significant intergroup differences were observed in the primary outcomes, with the Combined group demonstrating the most 
profound improvements (Fig. 1). The Combined group achieved the shortest MV duration (130.66 ± 49.52 hours), which was 
significantly reduced compared to the Control group (188.03±57.59 hours; mean difference[MD]=-57.37 hours, 95% CI: -78.54 
to-36.21, p<0.001), Exercise group (158.73±54.69 hours; MD=-28.07 hours, 95% CI: -49.89 to -6.25, p=0.012), and Rhythm group 
(162.99±59.66 hours; MD=-32.33 hours, 95% CI: -54.57 to -10.08, p=0.005). Notably, the Exercise and Rhythm groups showed 
comparable MV duration (p=0.695).

For ICU length of stay (Shahu,  #4), the Combined group also had the shortest stay (9.82±2.59 days), which was statistically 
shorter than the Control group (11.79±3.01 days; MD=-1.97 days, 95% CI: -3.05 to -0.89, p<0.001) and Rhythm group (11.27±2.73 
days; MD=-1.46 days, 95% CI: -2.58 to -0.33, p=0.012). Although the difference between the Combined and Exercise groups was 
marginally significant (p=0.056), the numerical reduction underscores the potential clinical benefit of the combined strategy.

Fig.1. Primary outcome measures: Duration of mechanical ventilation (a) and Length of ICU stay (b).

3.2.2 28-Day Mortality and Cumulative Survival Time

As depicted in Fig. 2, the 28-day mortality rate exhibited significant intergroup variation (χ²=17.02, df=3, p=0.001), with the 
Combined group achieving the lowest mortality (6.9%), followed by the Rhythm group (14.5%), Exercise group (15.8%), and 
Control group (35.0%). Post-hoc analysis confirmed that the Combined group had a significantly lower 28-day mortality than the 
Control group (p < 0.001), while the Rhythm and Exercise groups also showed trends of reduced mortality (p=0.021 and p=0.028, 
respectively). The mean cumulative survival time was longest in the Combined group (25.70±0.59 days), followed by the Rhythm 
group (24.48±1.10 days), Exercise group (24.47±1.18 days), and Control group (21.80±1.08 days), highlighting the survival 
advantage of the combined intervention.

3.3 Neuro-Somatic Function Integration: Multidimensional Improvements in Sedation, Muscle Strength, Sleep, and 
Delirium
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Fig.2The Kaplan–Meier curves for survival of mechanically ventilated ICU patients

3.3.1 edative and Opioid Consumption

Significant intergroup differences were observed in sedative and opioid use, reflecting the regulatory effects of exercise and 
circadian rhythm management (Fig. 3). The total sedative dose (mg/kg/day) was hierarchically distributed as: Combined group 
(27.01 ± 7.65) < Rhythm group (28.64 ± 7.98) < Exercise group (31.76 ± 8.22) < Control group (34.22 ± 8.63), with a significant 
overall effect (F=9.14, df=3/226, p < 0.001). The Combined group had significantly lower total sedative doses than the Control (p 
< 0.001) and Exercise groups (p=0.002), while the Rhythm group also showed a significant reduction versus the Control group 
(p=0.003). The duration of sedative use was shortest in the Combined group (1.73±0.64 days), significantly shorter than the other 
three groups (all p<0.001). For nighttime sedation, the Combined group (10.13±3.49 mg/kg/day) was significantly lower than the 
Control (16.92±6.00), Exercise (15.14±5.46), and Rhythm groups (12.29±4.67) (all p<0.001). Opioid use was significantly lower in 
the Rhythm (0.89±0.25 mg/kg/day) and Combined groups (0.89±0.24 mg/kg/day) compared with the Control group (1.02±0.27 
mg/kg/day) (p=0.008 and p=0.007, respectively).
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Fig.1. Primary outcome measures: Duration of mechanical ventilation (a) and Length of ICU stay (b).

3.2.2 28-Day Mortality and Cumulative Survival Time

As depicted in Fig. 2, the 28-day mortality rate exhibited significant intergroup variation (χ²=17.02, df=3, p=0.001), with the 
Combined group achieving the lowest mortality (6.9%), followed by the Rhythm group (14.5%), Exercise group (15.8%), and 
Control group (35.0%). Post-hoc analysis confirmed that the Combined group had a significantly lower 28-day mortality than the 
Control group (p < 0.001), while the Rhythm and Exercise groups also showed trends of reduced mortality (p=0.021 and p=0.028, 
respectively). The mean cumulative survival time was longest in the Combined group (25.70±0.59 days), followed by the Rhythm 
group (24.48±1.10 days), Exercise group (24.47±1.18 days), and Control group (21.80±1.08 days), highlighting the survival 
advantage of the combined intervention.

3.3 Neuro-Somatic Function Integration: Multidimensional Improvements in Sedation, Muscle Strength, Sleep, and 
Delirium

Fig.2The Kaplan–Meier curves for survival of mechanically ventilated ICU patients

3.3.1 edative and Opioid Consumption

Significant intergroup differences were observed in sedative and opioid use, reflecting the regulatory effects of exercise and 
circadian rhythm management (Fig. 3). The total sedative dose (mg/kg/day) was hierarchically distributed as: Combined group 
(27.01 ± 7.65) < Rhythm group (28.64 ± 7.98) < Exercise group (31.76 ± 8.22) < Control group (34.22 ± 8.63), with a significant 
overall effect (F=9.14, df=3/226, p < 0.001). The Combined group had significantly lower total sedative doses than the Control (p 
< 0.001) and Exercise groups (p=0.002), while the Rhythm group also showed a significant reduction versus the Control group 
(p=0.003). The duration of sedative use was shortest in the Combined group (1.73±0.64 days), significantly shorter than the other 
three groups (all p<0.001). For nighttime sedation, the Combined group (10.13±3.49 mg/kg/day) was significantly lower than the 
Control (16.92±6.00), Exercise (15.14±5.46), and Rhythm groups (12.29±4.67) (all p<0.001). Opioid use was significantly lower in 
the Rhythm (0.89±0.25 mg/kg/day) and Combined groups (0.89±0.24 mg/kg/day) compared with the Control group (1.02±0.27 
mg/kg/day) (p=0.008 and p=0.007, respectively).
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Fig.3. Comparison of sedative and opioid use among four intervention groups in mechanically ventilated ICU patients: nighttime 
sedative dose (a), opioid dose (b), total sedative dose (c), and duration of sedative administration (d).

3.3.2 Delirium, Muscle Strength, and Functional Recovery

Although no significant difference in delirium duration was observed among groups (F=0.62, df=3/226, p=0.605), the Combined 
group had a numerically lower delirium incidence (31.0%) versus the Control (40.0%), Exercise (40.4%), and Rhythm groups (43.6%), 
indicating a potential protective trend. For muscle strength (MRC sumscore), the Exercise group achieved the highest score 
(49.09±8.68), followed by the Combined (45.27±8.30), Rhythm (39.48±8.98), and Control groups (37.46±9.83), with a significant 
overall effect (F=20.39, df=3/226, p<0.001). Post-hoc analysis confirmed that the Exercise and Combined groups had significantly 
higher MRC sumscores than the Control group (both p<0.001), and the Exercise group outperformed the Rhythm group (p < 0.001). 
The time to first sitting out of bed was significantly earlier in the Exercise (4.28±1.25 days) and Combined groups (4.22±1.57 
days) compared with the Control group (6.45±1.83 days) (both p<0.001), while the Rhythm group (4.72±1.76 days) also showed a 
significant improvement (p < 0.001).

3.3.3 Sleep Quality

Assessed by the RCSQ total score, sleep quality was highest in the Combined group (63.08±16.97), followed by the Rhythm 
(58.54±18.71), Exercise (51.47±14.47), and Control groups (39.62±14.24), with a significant overall effect (F=23.56, df=3/226, 
p<0.001). Post-hoc tests confirmed that all intervention groups had significantly higher RCSQ scores than the Control group (all 
p<0.001), and the Combined group outperformed the Exercise group (p<0.001), highlighting the synergistic effect of combined 
intervention on sleep-wake cycle regulation.

3.4 Safety, Intervention Compliance, and Long-Term Quality of Life

3.4.1 Safety Profile

As presented in Table 2, the incidence of adverse events was comparable across groups, confirming the safety and tolerability 
of the interventions. The total incidence of adverse reactions was 8.3% (Control), 7.0% (Exercise), 7.3% (Rhythm), and 8.6% 
(Combined) (p > 0.05). Common adverse events included unplanned extubation (1.8%-5.3%), hemodynamic instability (0.0%-
1.8%), and decreased oxygenation (0.0%-5.5%), with no significant intergroup differences (all p > 0.05). No severe adverse events 
directly related to the interventions were reported, validating the safety of early exercise and circadian rhythm management in 
mechanically ventilated ICU patients.

Table 2Comparison of adverse reactions between the four groups of patients

3.4.2 Intervention Compliance

Table S2 summarizes the compliance and completion rates of the interventions. The early exercise compliance rate was 78% in 
the Exercise group and 83% in the Combined group, with primary non-compliance reasons including excessive sedation (38% vs. 
33%), interim examinations (22% vs. 20%), and hemodynamic instability (18% vs. 16%). For circadian rhythm management, the 
daytime lighting compliance rate was 88% (Exercise) and 90% (Combined), while nighttime compliance (with eye mask) was 78% 
and 82%, respectively. The noise control compliance rate was 58% (Rhythm) and 62% (Combined), and the nighttime continuous 
sleep assurance rate was 38% and 42%, respectively. The enhanced execution rate of time-based tasks reached 92% (Rhythm) and 
95% (Combined), demonstrating good feasibility and patient tolerance of the interventions.
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3.4.3 Long-Term Quality of Life

The SF-36 results revealed significant intergroup differences in all physical and mental health domains (Table 3). For the Physical 
Component Summary (PCS), the Combined group achieved the highest score (52.5 ± 8.0), significantly higher than the Control 
(45.2 ± 9.5; p < 0.001), Exercise (49.8 ± 8.8; p=0.032), and Rhythm groups (47.1 ± 9.0; p < 0.001). The Exercise group also showed a 
significantly higher PCS score than the Control group (p=0.003). For the Mental Component Summary (MCS), the Combined group 
had the highest score (61.3 ± 8.2), significantly superior to the Control (51.8 ± 10.2; p < 0.001), Exercise (53.5 ± 9.8; p < 0.001), and 
Rhythm groups (58.7 ± 9.0; p=0.028). The Rhythm group showed a significantly higher MCS score than the Control group (p < 0.001). 
Notably, the Combined group demonstrated superior performance in all eight individual domains, with a 13.8-point improvement 
in Physical Functioning (PF) compared to the Control group—exceeding the minimum clinically important difference (MCID) of 5-10 
points in SF-36, confirming the clinical significance of the intervention effect.

Table 3. Comparison of SF-36 scores between the two groups before and after treatment (Mean ± SD)

4. Discussion

4.1Scientific rigour in trial design and assurance of baseline balance

The core strength of this randomized controlled trial lies in its rigorous four-arm design, which uniquely enables the quantification 
of independent and synergistic effects of early bedside exercise and circadian rhythm management—two non-pharmacological 
interventions previously studied in isolation. By randomizing 230 mechanically ventilated ICU patients into Control, Exercise, 
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Rhythm, and Combined groups, we achieved robust intergroup balance across key baseline characteristics, including age, disease 
severity (APACHE II score), sedation depth (baseline RASS score), and comorbidity profiles(Hiemstra et al. 2025). The absence 
of significant baseline disparities (all p > 0.05) confirms the efficacy of randomization, eliminating potential confounding and 
ensuring that observed outcome differences can be attributed to the interventions themselves.

This study design addresses a critical gap in existing literature, where most investigations focus on single-modal interventions. By 
juxtaposing two distinct yet complementary strategies, we not only validate the independent value of each but also uncover their 
interactive benefits—an innovation that enhances the evidence hierarchy for ICU rehabilitation(Leggett et al. 2025). Additionally, 
the standardized intervention protocols (e.g., tiered exercise based on RASS score, circadian-aligned lighting/noise control) and 
strict safety criteria (e.g., hemodynamic stability thresholds for exercise) ensure reproducibility, laying the groundwork for clinical 
translation. The high compliance rates (e.g., 83% for early exercise in the Combined group, 90% for daytime lighting regulation) 
further confirm the feasibility of these interventions in resource-constrained ICU settings, addressing prior concerns about 
implementability(Aguilar-Carrasco et al. 2026).

4.2 Core clinical efficacy and survival benefit from combined interventions

Our findings demonstrate that the combined intervention of early exercise and circadian rhythm management delivers superior 
improvements in core clinical outcomes—MV duration, ICU LOS, and 28-day mortality—compared to single-modal interventions 
and conventional care. The Combined group achieved a 30.5% reduction in MV duration (130.66 vs. 188.03 hours in the Control 
group) and a 16.7% reduction in ICU LOS (9.82 vs. 11.79 days), with a 79.7% lower 28-day mortality (6.9% vs. 35.0%) (Fig. 1, Table 
5). These results align with our primary hypothesis and extend beyond previous studies by confirming that synergistic non-
pharmacological intervention yields greater clinical benefit than isolated strategies(Fairley 2023).

The mechanistic basis for these improvements lies in the complementary actions of exercise and circadian rhythm management. 
Early exercise mitigates ventilator-induced diaphragmatic dysfunction (VIDD) and ICU-acquired weakness (ICU-AW) by activating 
muscle protein synthesis pathways (Akt/mTOR) and reducing oxidative stress, while circadian rhythm synchronization optimizes 
neuroendocrine regulation, reduces systemic inflammation, and enhances immune function(Yang et al. 2024). Together, these 
effects form a positive feedback loop: improved circadian rhythm increases exercise tolerance by stabilizing sleep-wake cycles and 
reducing sedative requirements, while exercise amplifies circadian entrainment by reinforcing environmental time cues(Liu et al. 
2021). This synergy explains why the Combined group outperformed both single-intervention groups, highlighting the limitations 
of unimodal rehabilitation in addressing the multifactorial pathophysiology of critical illness.

When contextualized within existing literature, our results are particularly compelling. A meta-analysis by Schweickert et 
al(Schweickert et al. 2009). reported a 24% reduction in MV duration with early mobilization alone, while Sessler et al(Sessler et al. 
2002). showed that circadian-aligned care reduced delirium but not survival. Our study builds on these findings by demonstrating 
that combining these interventions not only enhances short-term outcomes but also improves survival—a critical advancement 
given the high long-term mortality of mechanically ventilated ICU survivors.

4.3 The Mechanism of Neuro-Somatic Functional Integration

A key insight from this study is the distinct yet complementary independent effects of early exercise and circadian rhythm 
management, coupled with their synergistic enhancement of multidimensional recovery. Early exercise emerged as the dominant 
driver of somatic function improvement: the Exercise group achieved the highest MRC sumscore (49.09±8.68) and earliest time 
to first sitting (4.28±1.25 days), consistent with its role in preventing muscle atrophy and preserving motor function(Jang et al. 
2025). In contrast, circadian rhythm management exerted a primary regulatory effect on neurophysiological outcomes, with the 
Rhythm group showing reduced sedative/opioid use and improved sleep quality (RCSQ score: 58.54±18.71 vs. 39.62±14.24 in the 
Control group), reflecting its ability to stabilize the sleep-wake cycle and reduce neuroinflammation.

The Combined group’s superiority across all neuro-somatic domains—including muscle strength, sedative reduction, and 
sleep quality—validates the "1+1>2" synergistic effect. Mechanistically, this may involve: (1) Exercise-induced upregulation 
of clock genes (CLOCK, BMAL1) in skeletal muscle and the central nervous system, enhancing circadian rhythm sensitivity to 
environmental cues(Hiemstra et al. 2025); (2) Circadian-aligned sleep promoting the release of anabolic hormones (growth 
hormone, testosterone), which augment muscle repair and exercise tolerance; (3) Reduced sedative exposure in the Combined 
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group (total sedative dose: 27.01 ± 7.65 vs. 34.22 ± 8.63 mg/kg/day in the Control group) improving patient engagement with 
exercise, further amplifying functional recovery(Li et al. 2025b, Moussanang et al. 2025).

Notably, while delirium duration did not differ significantly across groups, the Combined group exhibited a numerically lower 
incidence (31.0%), suggesting a potential protective trend that may require larger sample sizes to confirm. This aligns with prior 
evidence that circadian rhythm disruption is a modifiable risk factor for delirium, and exercise may mitigate delirium by reducing 
immobility-related inflammation. Together, these findings support a precision rehabilitation approach: targeting somatic function 
with early exercise and neurophysiological stability with circadian management, while combining both for comprehensive 
recovery(Li et al. 2024, Senthil et al. 2025b).

4.4 Translational Value of Safety Assessment and Long-Term Quality of Life

The comparable adverse event rates across all groups (7.0%-8.6%, Table 3) confirm the safety of early exercise and circadian 
rhythm management in mechanically ventilated ICU patients. The absence of significant increases in unplanned extubation, 
hemodynamic instability, or decreased oxygenation addresses longstanding clinical concerns about the risks of early mobilization 
in critically ill patients. This safety profile is attributed to our tiered exercise protocol (tailored to RASS score and hemodynamic 
stability) and standardized monitoring, emphasizing that these interventions can be safely implemented with appropriate 
safeguards(Lucchini et al. 2025, Moussanang et al. 2025).

Good intervention compliance (e.g., 83% for early exercise, 90% for daytime lighting regulation in the Combined group) further 
supports clinical translatability. The primary barriers to compliance—excessive sedation, interim examinations, and hemodynamic 
instability—are modifiable through quality improvement initiatives, such as light sedation protocols (targeting RASS -1 to 0) 
and coordinated care scheduling. This feasibility is particularly relevant for resource-limited settings, where circadian rhythm 
management (low-cost, equipment-independent) can serve as a foundational intervention, with early exercise added as resources 
allow(Leggett et al. 2025).

The most impactful finding of this study is the sustained improvement in long-term quality of life (QoL) observed in the Combined 
group. At 6 months, the Combined group achieved superior scores in all SF-36 domains, with a 13.8-point improvement in PF 
compared to the Control group—exceeding the minimum clinically important difference (MCID) of 5-10 points(Leggett et al. 
2025). This confirms that the interventions not only accelerate short-term recovery but also mitigate PICS, a complex of physical, 
psychological, and cognitive impairments that afflicts up to 50% of ICU survivors. The Combined group’s superiority in both 
Physical Component Summary (PCS) and Mental Component Summary (MCS) scores underscores its ability to address the 
multidimensional nature of PICS, a critical unmet need in ICU rehabilitation.

4.5 Limitations and Future Directions

This study has several limitations. First, its single-center design may limit generalizability; multi-center trials are needed to validate 
findings in diverse ICU populations. Second, sleep quality was assessed via nurse-reported RCSQ, and objective monitoring (e.g., 
polysomnography) could enhance accuracy. Third, 6-month follow-up, while valuable, does not capture long-term PICS outcomes; 
extended follow-up (1-2 years) is warranted. Fourth, cost-effectiveness was not evaluated, a key consideration for widespread 
implementation.

Future research should focus on: (1) Identifying patient subgroups most likely to benefit from combined intervention (e.g., based 
on age, disease severity); (2) Exploring mechanisms underlying synergistic effects (e.g., clock gene expression, inflammatory 
biomarkers); (3) Developing standardized, scalable protocols for integration into routine ICU care; (4) Conducting cost-
effectiveness analyses to support healthcare resource allocation.

5. Conclusion

This study conducted a single-center, prospective randomized controlled trial to systematically evaluate the clinical efficacy, 
mechanism of action, and safety of early bedside exercise combined with circadian rhythm management in mechanically 
ventilated ICU patients. It also explored its long-term prognostic value. The main conclusions are as follows:

(1) Superior clinical efficacy. Compared with routine care, combination therapy significantly reduced the duration of mechanical 
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ventilation by 30.5% and shortened ICU length of stay by 1.97 days. It also achieved a substantial survival advantage, lowering 28-
day mortality from 35.0% to 6.9%.

(2) Enhanced neuro-somatic recovery. Combined therapy significantly reduced total sedative doses and nighttime sedation 
compared to the control group. It synergistically improved somatic recovery, achieving higher MRC muscle strength scores and 
earlier mobilization than routine care.

(3) Synergistic sleep and neuro-protection. Following combined therapy, sleep quality (RCSQ) scores showed the most significant 
improvement, and delirium incidence was numerically reduced to 31.0%. This demonstrates dual synergistic effects where rhythm 
management stabilizes the sleep-wake cycle while exercise enhances patient engagement.

(4) Improved long-term prognosis. At 6-month follow-up, the combination group showed superior physical and mental health 
scores (SF-36). The 13.8-point improvement in PF exceeded the minimum clinically important difference, effectively mitigating the 
burden of PICS.
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Nomogram for mortality risk in ICU patients with sepsis -associated 
thrombocytopenia: MIMIC-IV and eICU-CRD

Abstract

Sepsis-associated thrombocytopenia (SAT) is a high-risk ICU condition involving immune activation, endothelial injury, and 
coagulation dysregulation. We developed and validated a nomogram to estimate in-hospital mortality in SAT using MIMIC-IV and 
eICU-CRD. SAT patients were identified from MIMIC-IV and eICU-CRD according to sepsis and platelet-count criteria. MIMIC-IV was 
randomly divided into training and internal validation sets, and eICU-CRD served as external validation. LASSO regression selected 
candidate variables, multivariable logistic regression identified independent predictors, and a nomogram was constructed. 
Calibration, ROC analysis, and decision curve analysis assessed model performance. Overall, 4,654 SAT patients were included, 
including 3,561 from MIMIC-IV and 1,093 from eICU-CRD. Twelve independent predictors were retained. The nomogram showed 
good calibration in the training set (Hosmer-Lemeshow P=0.25) and achieved AUCs of 0.705, 0.714, and 0.627 in the training, 
internal validation, and external validation sets, respectively. Decision curve analysis showed greater net benefit than individual 
predictors. A 12-predictor nomogram was developed and externally validated for in-hospital mortality stratification in SAT, 
providing an accessible bedside tool for early risk assessment, individualized ICU management, and future intervention studies. 
Its variables were routinely available, supporting practical implementation in critical care.

1.Introduction

Sepsis represents a potentially fatal form of organ dysfunction precipitated by an aberrant and dysregulated host immune reaction 
to infection[1]. According to recent epidemiological data, the overall mortality rate attributable to sepsis reaches approximately 
17%, a figure that climbs sharply to around 40% once septic shock develops [1,2]. Thrombocytopenia, conventionally defined 
as a platelet count below 150,000/uL, ranks among the most prevalent hematologic abnormalities encountered in intensive care 
unit (ICU) settings[3], occurring in over 55% of sepsis cases and at even greater frequencies when septic shock is present[4]. When 
thrombocytopenia develops in the context of sepsis, it substantially heightens the likelihood of coagulation-related complications 
and is closely linked to poorer clinical outcomes [4]. When thrombocytopenia develops against a backdrop of sepsis, it 
substantially elevates the likelihood of coagulation-related complications and is closely linked to poorer clinical prognosis[4]. 
Notably, a clinically distinct subset—sepsis-associated thrombocytopenia (SAT)—has been recognized as a syndrome of particular 
severity. SAT is a clinical syndrome characterized by multifactorial thrombocytopenia during sepsis, typically defined as a 
platelet count < 100,000/uL or a 50% decrease from baseline. The occurrence of SAT is not an isolated hematological event but 
involves complex interactions among multiple systems, including immune activation, endothelial dysfunction, and coagulation 
disorders [5,6]. Therefore, SAT may not merely be a complication of sepsis but also represent a high-risk state characterized by 
the convergence of multisystem dysfunction, and the assessment of its mortality risk requires the integration of multidimensional 
clinical indicators.

Timely recognition of SAT patients facing an elevated mortality risk carries considerable clinical importance, as it lays the 
groundwork for refining surveillance protocols and deploying critical care resources more effectively[7]. However, commonly used 
critical illness scoring systems in clinical practice, such as APACHE II and SOFA, although well-validated across a broad spectrum 
of critically ill patients, have numerous variables and complex calculations and are not designed for the specific subgroup of 
SAT[7]. A small number of prediction models targeting SAT are single-center studies with small sample sizes and lack external 
validation; thus, their stability and generalizability remain to be confirmed[8]. To address these limitations, large-scale multi-
source databases are needed to support robust model development and cross-cohort validation. MIMIC-IV is an openly available 
critical care database derived from a single academic medical center, distinguished by its broad variable coverage and extended 
observation window, attributes that render it well-suited for thorough feature extraction and predictive model development [9]. 
By contrast, the eICU-CRD is a multicenter ICU database aggregating records from a large number of hospitals distributed across 
the United States, a characteristic that considerably strengthens the external generalizability and overall robustness of research 
conclusions drawn from it [10]. The complementary characteristics of the two databases provide an ideal data foundation for 
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constructing predictive models with both internal robustness and extrapolation potential [11].

Using these two data platforms, a retrospective cohort study was performed in SAT patients. LASSO regression was applied to 
screen candidate variables, and a multivariable logistic regression model was subsequently developed to identify independent 
predictors of in-hospital mortality; these predictors were then synthesized into an intuitive visual nomogram. The overarching 
objective was to produce a risk-stratification instrument possessing both statistical rigor and practical clinical applicability, 
thereby laying the groundwork for earlier recognition and more effective management of SAT patients.

2.Results

2.1 Baseline characteristics between survivor and non-survivor groups

In the MIMIC-IV cohort, the survivor group comprised 2,112 patients and the non-survivor group 1,449 patients; a comprehensive 
summary of their baseline characteristics is presented in Table 1. Non-survivors were on average marginally older than survivors 
(66.12 ± 14.83 vs. 64.90 ± 15.98 years, P = 0.021). Racial distribution differed markedly between groups (P < 0.001): the non-
survivor group had a notably smaller share of white patients (59.6%) alongside a larger proportion categorized as other (31.7%). 
Neither sex nor body weight differed significantly between the two groups (both P > 0.05). Regarding vital signs, non-survivors 
had higher heart and respiratory rates (P < 0.05) and lower body temperature (P < 0.05) than survivors. Laboratory parameters 
revealed that non-survivors had higher BUN, creatinine, WBC, PT, potassium, and anion gap, and lower hemoglobin, hematocrit, 
chloride, and bicarbonate levels (all P < 0.001). Sodium, calcium, and glucose levels did not differ significantly between the groups 
(all P > 0.05). In terms of comorbidities, the prevalence of AMI, COPD, and AKI was higher in non-survivors (P < 0.05), while the 
distribution of hypertension, diabetes, and CKD was similar between groups (all P > 0.05). Collectively, these findings suggest that 
non-surviving SAT patients presented with a profile indicative of greater physiological disturbance and multi-organ involvement 
compared with survivors, although further analyses are required to determine the specific contributions of these factors to in-
hospital mortality.

2.2 Selection of 12 independent predictors

Feature variables were further identified using LASSO regression in the training set. At log(lambda. 1se) = -4.1499, a total of 
14 variables were selected, including BUN, race, age, WBC, PT, potassium, anion gap, hemoglobin, temperature, heart rate, 
respiratory rate, and comorbidities (AMI, COPD, and AKI) (Fig. 1a-b). To quantify the independent contribution of each candidate 
variable to in-hospital mortality risk in SAT patients, multivariable logistic regression analysis was subsequently conducted within 
the training set. BUN and respiratory rate did not reach statistical significance (P > 0.05), while the remaining 12 variables were 
identified as independent predictors (Fig. 1c). Taken together, the independent predictors suggest the potential importance of 
monitoring both pre-existing conditions and acute physiological disturbances in the management of SAT patients.

2.3 Development of a nomogram with robust predictive performance

Drawing on the above results, a nomogram was developed from the training set to convert the contribution of each independent 
predictor into a unified scoring framework for estimating in-hospital mortality probability in SAT patients (Fig. 2a). The HL test 
returned a non-significant calibration result (P = 0.25), indicating strong agreement between model-predicted probabilities and 
actual observed outcomes, which in turn supports the accuracy of the nomogram (Fig. 2b). ROC curve analysis returned an AUC of 
0.705 in the training set, reflecting satisfactory discriminative capacity and the model's ability to differentiate mortality risk across 
patients (Fig. 2c). DCA further suggested that the nomogram provided greater clinical benefit than any individual predictor alone 
(Fig. 2d).

ROC curve analysis and DCA were then extended to both the internal and external validation sets to examine the nomogram's 
consistency and its capacity for cross-population generalization. AUC values of 0.714 and 0.627 were obtained in the internal 
validation set (Fig. 3a) and external validation set (Fig. 3b), respectively, both falling within the range of acceptable predictive 
performance. DCA revealed that across a broad range of threshold probabilities, the nomogram conferred greater net clinical 
benefit than any single predictor alone, in both the internal (Fig. 3c) and external validation sets (Fig. 3d), underscoring its 
practical clinical value. Collectively, these validation results suggest that the nomogram holds promise as an actionable risk-
stratification instrument for the early detection of SAT patients at elevated risk of in-hospital death, potentially guiding more 
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precise monitoring protocols and individualized management decisions.

3.Discussion

The essence of SAT is the concentrated manifestation of multisystem dysfunction in the hematological system. The underlying 
pathogenesis encompasses an infection-induced cytokine storm, progressive activation of the coagulation cascade, and 
structural endothelial injury, collectively pushing the host from a compensated physiological state toward decompensation 
[12]. In this study, we enrolled patients with SAT from two large public critical care databases, MIMIC-IV and eICU-CRD, and 
developed a visualized nomogram based on 12 independent predictors identified through LASSO and multivariable logistic 
regression. The nomogram demonstrated adequate discriminative ability in the training set (AUC = 0.705) and maintained 
comparable performance in the internal validation set (AUC = 0.714). Performance modestly attenuated in the external validation 
set (AUC = 0.627), yet DCA uniformly showed that the nomogram conferred greater net clinical benefit than any single predictor 
variable across all three datasets.. This multidimensional prediction model can effectively capture the overall characteristics of 
multisystem dysfunction during the progression from compensation to decompensation in patients with SAT, providing a simple, 
intuitive decision-support tool for early identification of high-risk populations and stratified management.

The 12 independent predictors identified in this study are valuable not only because each reflects a specific clinical abnormality, 
but also because they collectively point to the underlying mechanism of the elevated mortality risk in SAT patients: the 
destabilization of the immune-endothelial-coagulation axis. SAT may represent a distinct thrombo-inflammatory phenotype 
of sepsis. Once the feedforward amplification loop formed by immune activation, endothelial dysfunction, and coagulation 
disorders exceeds the threshold of physiological regulation, the body will shift from a compensatory state to systemic instability, 
accompanied by a significant increase in mortality risk. Within this framework, platelets function as an integrative hub and 
signaling relay platform that connects the three major systems, while microcirculatory disturbance serves as the common 
pathway linking molecular cascades to organ injury.

Immune activation, endothelial dysfunction, and coagulation disorders are interlinked through multiple signaling pathways, 
forming a pathological positive-feedback amplification loop [13]. Host detection of invading pathogens is mediated by PRRs 
and damage-associated molecular patterns (DAMPs), which activate the NF-κB and MAPK signaling cascades and drive the 
downstream secretion of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α. The ensuing systemic inflammatory response 
characteristic of sepsis promotes neutrophil hyperactivation, extending cellular lifespan while simultaneously impairing 
directional migration. Trapped within the circulation, these over-stimulated neutrophils expel neutrophil extracellular traps 
(NETs)—web-like chromatin structures that bolster pathogen capture [14] but concurrently induce activation of endothelial 
cells (ECs) and erosion of the endothelial glycocalyx, ultimately intensifying vascular inflammation and accelerating thrombosis 
[15,16]. At the bedside, leukocytosis, body temperature dysregulation, and tachycardia serve as surrogate markers of systemic 
immune activation intensity, while a prolonged prothrombin time signals deteriorating coagulation homeostasis and the onset 
of consumptive coagulopathy [17]. Platelets mediate the formation of platelet-leukocyte aggregates via P-selectin and promote 
NETosis [18]; they regulate the function of immune cells bidirectionally by releasing mediators such as CD40L and PF4 [19]; PAR 
receptors expressed on the platelet surface can directly respond to thrombin signals and convert coagulation activation into 
further release reactions [20]. Therefore, platelets are not only sensors of the coupling axis but also the core signaling integration 
platform.

Persistent amplification of the immune-endothelial-coagulation axis ultimately leads to organ injury via microcirculatory 
dysfunction. Microthrombosis, increased vascular permeability, endothelial glycocalyx shedding, and associated signaling 
imbalance collectively result in impaired microcirculatory perfusion, reducing tissue oxygen supply and metabolic waste 
clearance[21]. High-metabolic organs such as the kidneys and myocardium are particularly sensitive to reduced perfusion. 
Therefore, the occurrence of AKI and AMI indicates that regulatory imbalance has evolved from molecular and microcirculatory 
levels into structural organ damage [22]. Hyperkalemia, a common consequence of acute kidney injury and tissue destruction, 
serves as both a marker of metabolic disturbance and increases the risk of arrhythmias by altering myocardial cell membrane 
potential, thereby further compromising hemodynamic stability [23]. Once organ function declines, the capacity to clear 
inflammatory mediators is further impaired, and hemodynamic stability is further undermined, which in turn exacerbates the 
inflammation-coagulation crosstalk and establishes an irreversible vicious cycle.
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When the inflammatory burden is low and host reserve function is sufficient, anticoagulant and anti-inflammatory regulatory 
mechanisms can still maintain systemic homeostasis. However, when inflammatory amplification persists or host basal function 
declines, the gain of feedforward amplification exceeds the capacity of negative feedback regulation. The system crosses a critical 
threshold and enters a self-reinforcing unstable trajectory. Microcirculatory dysfunction and metabolic reprogramming act as 
systemic "accelerators" in this process, while the onset of organ injury marks the structural establishment of regulatory collapse. 
Therefore, although the predictors identified in this study originate from different clinical dimensions, they converge at different 
nodes of the same coupled network at the biological level. They essentially reflect the systemic signal intensity when the immune-
endothelial-coagulation axis crosses the boundary of homeostasis, providing a theoretical basis for intervention strategies 
targeting the thromboinflammatory axis.

Within the above framework of threshold instability of the immune-endothelial-coagulation axis, the predictive model established 
in this study is not merely a statistical tool, but a clinically quantitative representation of systemic instability signals. When 
multiple nodal abnormalities coexist, it indicates that the system has crossed the threshold of homeostatic regulation, resulting in 
a significantly elevated risk of death. Therefore, the model's predictive performance stems from integrating multi-level instability 
signals rather than from the linear superposition of a single indicator. Within the internal validation cohort, an AUC of 0.714 was 
attained, affirming the model's stability within the source population. When applied to the external validation cohort derived 
from eICU-CRD, the AUC declined to 0.627, reflecting the challenge of cross-database generalization. This discrepancy may stem 
from several factors. First, differences in database structure may play a role: MIMIC-IV comprises single-center, long-term data, 
whereas eICU-CRD comprises multi-center, short-term data, with variations in patient composition and clinical management 
strategies across institutions. Second, the difference in time span may reflect the evolution of concepts in sepsis management, 
thereby affecting the distribution of outcomes. More importantly, as a thromboinflammatory phenotype, SAT may exhibit 
biological heterogeneity in the intensity of immune activation, the degree of endothelial injury, and the pattern of coagulopathy 
across different centers, which in turn leads to fluctuations in model performance. Coding bias inherent to administrative data 
may represent an additional contributing factor to this discrepancy. Notwithstanding the attenuated AUC observed in the external 
validation set, DCA revealed that the model maintained stable net clinical benefit across all datasets examined, underscoring its 
potential utility as a decision-support instrument in diverse clinical environments.

To further contextualize the clinical value of this model, it is worth comparing it with commonly used scoring systems in critical 
care. APACHE II and SOFA mainly quantify the cumulative burden of organ failure and reflect established functional impairment. 
In contrast, our model focuses on the specific subgroup of SAT, with greater emphasis on the activation intensity of the 
thromboinflammatory axis—the upstream mechanism driving organ injury. Meanwhile, all variables in the model are routine 
clinical indicators, and the nomogram is concise and intuitive, showing favorable bedside operability. From the standpoint of 
clinical translation, the model offers a practical means of flagging high-risk patients in the ICU at an early stage, enabling timely 
implementation of enhanced surveillance and tailored therapeutic strategies. This study not only constructed a predictive model 
but also proposed that SAT may represent a hyperactivated thromboinflammatory phenotype of sepsis, whose mortality risk 
reflects the signal of systemic instability once the immune-endothelial-coagulation axis crosses the homeostatic threshold. 
Prospective studies incorporating dynamic platelet function monitoring and serial assessment of endothelial injury markers will 
help further define the clinical threshold at which the thromboinflammatory axis becomes dysregulated, thereby supporting the 
development of targeted early intervention strategies.

Several limitations of the present study warrant acknowledgment. To begin with, the retrospective cohort design inherently 
constrains the ability to establish causal relationships. Although measured confounders were controlled for using LASSO and 
multivariable regression, the potential influence of unmeasured variables cannot be excluded. Future prospective studies that 
systematically integrate information on interventions and treatment intensity will help to more accurately define the independent 
effects of each predictor. Second, all clinical data were sourced exclusively from two publicly available critical care databases, 
namely MIMIC-IV and eICU-CRD, which may restrict the representativeness of the study population. Although multiple imputation 
was applied to reduce missing bias, differences in variable recording and potential information bias may still affect model stability. 
Third, this study included only static indicators collected early after ICU admission for modeling and failed to capture dynamic 
changes over the course of sepsis. Given that the pathophysiological process of sepsis exhibits clear temporal characteristics, 
single-time-point data may underestimate the evolution of systemic instability. Fourth, the generalizability of the model remains 
limited, as evidenced by the reduced AUC in external validation. This likely reflects not only structural differences between 
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databases but also the biological heterogeneity of the SAT thromboinflammatory phenotype across diverse clinical settings, 
which warrants further investigation in prospective multicenter cohorts. Lastly, although the framework of threshold instability of 
the immune-endothelial-coagulation axis proposed in this study is theoretically consistent, it remains essentially a mechanistic 
inference based on clinical data and lacks direct experimental validation. Future mechanistic studies that combine coagulation 
kinetic parameters with experimental models will help validate the proposed threshold-instability framework at the molecular 
level, thereby providing a stronger biological rationale for stratified interventions targeting the immune-endothelial-coagulation 
axis.

In summary, despite the above limitations, this study constructed and validated a predictive model for mortality risk in SAT using 
public databases, providing exploratory evidence for risk stratification and mechanistic integration, and laying a foundation for 
subsequent prospective studies and precise stratified interventions.

4.Methods

4.1 Data source, study patients, and study design

Critical care data were drawn from two open-access repositories for this retrospective analysis: the MIMIC-IV and the Electronic 
Intensive Care Unit Collaborative Research Database (eICU-CRD). MIMIC-IV is a large single-center database that captures clinical 
records of more than 70,000 ICU patients hospitalized at Beth Israel Deaconess Medical Center over the period 2008 to 2019. The 
eICU-CRD, by contrast, operates as a multicenter platform, aggregating upward of 200,000 ICU admissions from 208 hospitals 
across the United States between 2014 and 2015. All personally identifiable information in both databases has been removed 
and replaced with random identifiers, thereby exempting this study from the requirement for informed consent and institutional 
ethical approval. Both data sources contain comprehensive clinical information encompassing demographic profiles, bedside 
physiological monitoring data, discharge diagnoses coded under the International Classification of Diseases, Ninth Revision (ICD-9) 
and Tenth Revision (ICD-10), laboratory findings, treatment records, imaging reports, and patient outcomes.

Eligibility for inclusion required a confirmed sepsis diagnosis documented through ICD-9 or ICD-10 codes; specifically, ICD-9 codes 
995.91 and 995.92, or ICD-10 code R65.2 were accepted. Thrombocytopenia was operationally defined as a platelet count below 
100 ×109/L [24,25]. Only patients who simultaneously fulfilled the diagnostic criteria for both sepsis and thrombocytopenia were 
designated as SAT cases and subsequently enrolled in the analysis. Patients meeting any of the following criteria were excluded: 
age under 18 years, ICU stay shorter than 24 hours, non-first ICU admission, or a concurrent diagnosis of acute leukemia. After 
applying all inclusion and exclusion criteria, 4,654 patients were ultimately retained in the retrospective cohort, with 3,561 
originating from MIMIC-IV and the remaining 1,093 from eICU-CRD. The MIMIC-IV cohort was subsequently partitioned at random 
into a training set (70%, n = 2,493) and an internal validation set (30%, n = 1,068), while the eICU-CRD cohort was designated as the 
external validation set. The full patient selection workflow and study framework are presented in Fig. 4.

4.2 Data extraction and descriptive analysis

After the target cohort was defined, pertinent clinical variables were systematically retrieved from the MIMIC-IV and eICU-CRD 
databases, with data accessibility and clinical relevance serving as the primary selection criteria to guarantee both practical 
applicability and analytical robustness. The entire data retrieval process was executed via structured query language (SQL). All 
extracted variables were organized into five categories: demographic characteristics (gender, age, race, and weight), vital signs 
(heart rate, respiratory rate, and temperature), laboratory parameters (blood urea nitrogen [BUN], hemoglobin, white blood cell 
[WBC] count, creatinine, potassium, sodium, calcium, chloride, anion gap, hematocrit, prothrombin time [PT], bicarbonate, and 
glucose), comorbid conditions (hypertension, diabetes, acute myocardial infarction [AMI], chronic kidney disease [CKD], acute 
kidney injury [AKI], and chronic obstructive pulmonary disease [COPD]), and the primary outcome defined as in-hospital survival 
status.

Incomplete data were handled through multiple imputation via the mice (v 3.18) package [26]. A missing rate threshold of 20% 
was applied: variables falling below this threshold underwent imputation, while those meeting or exceeding it were removed from 
subsequent analyses. The imputation strategy differed by variable type: binary variables were handled with the logistic regression 
(logreg) method, ordered categorical variables with the proportional odds logistic regression (polr) method, and continuous 
variables with predictive mean matching (pmm).



0250     CCCC 2026

SAT patients were then divided into two groups—survivors and non-survivors—based on whether in-hospital death occurred 
during the index hospitalization. To explore the relationship between the extracted clinical variables and in-hospital mortality 
in SAT patients, between-group comparisons of baseline characteristics were carried out within the MIMIC-IV cohort. Categorical 
variables are reported as n (%) and tested with the chi-square test; continuous variables are summarized as mean ± standard 
deviation (SD) and examined by the Student's t-test or Wilcoxon rank-sum test depending on the distributional properties of the 
data. Statistical significance was set at a two-sided P-value below 0.05, and all comparative results are compiled in the baseline 
characteristics table.

4.3 Identification of independent predictors

Variables demonstrating statistically significant between-group differences in the baseline analysis were subsequently entered 
into a least absolute shrinkage and selection operator (LASSO) regression model for further screening. The procedure was 
implemented in the training set via 10-fold cross-validation with the glmnet (v 4.1.8) package[27]. Optimal penalty parameter (λ) 
selection followed the one-standard-error criterion (lambda.1se), retaining only those variables whose regression coefficients 
remained non-zero at the designated λ as candidate feature variables.

To examine the relationship between the retained feature variables and in-hospital mortality risk in SAT patients, multivariable 
logistic regression was then performed in the training set using the glm function within the stats (v 4.3.3) package [28]. Among the 
candidate variables, those that retained statistical significance (P < 0.05) after multivariable logistic regression adjustment were 
classified as independent predictors and carried forward into the subsequent analytical stages.

4.4 Construction and evaluation of the nomogram

Using the confirmed independent predictors, a nomogram was built in the training set through the rms (v 6.8.1) package[29]. Point 
values proportional to each predictor's regression coefficient were assigned, and the aggregate score was subsequently mapped 
to an individualized probability estimate of in-hospital death for each SAT patient. Calibration performance was examined through 
calibration analysis using the same rms (v 6.8.1) package, with consistency between model-predicted probabilities and actual 
observed outcomes serving as the primary evaluation criterion. The HL test was additionally applied to evaluate goodness-of-fit, 
whereby a non-significant P-value (P > 0.05) was taken as evidence of adequate fit. Discriminative capacity was quantified through 
ROC curve analysis implemented with the pROC (v 1.18.5) package [30], and the area under the curve (AUC) was computed as 
the primary performance metric; an AUC exceeding 0.60 was deemed indicative of acceptable discrimination. Clinical utility was 
further appraised through decision curve analysis (DCA) carried out with the rmda (v 1.6) package [31]. Validation of robustness 
and cross-setting generalizability relied on ROC and DCA analyses applied to both the internal validation set and the external 
validation set derived from eICU-CRD.

4.5 Statistical analysis

All statistical procedures were completed within the R (v 4.3.3) software environment. Unless stated otherwise, a two-sided P 
value of less than 0.05 served as the uniform criterion for declaring statistical significance. Detailed descriptions of each statistical 
test and analytical method are provided within their respective sections above.
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Fig. 1. Selection of independent predictors. (a) Least absolute shrinkage and selection operator (LASSO) coefficient 
trajectory in the training set. (b) LASSO cross-validation plot showing optimal lambda in the training set. (c) Forest plot 
of multivariable logistic regression identifying independent predictors of in-hospital death.

Fig. 2. Development and evaluation of the nomogram in the training set. (a) Nomogram integrating independent 
predictors for estimating in-hospital mortality risk. (b) Calibration curve showing agreement between predicted and 
observed outcomes. (c) ROC curve demonstrating discriminative performance of the nomogram. (d) Decision curve 
analysis (DCA) evaluates the clinical net benefit of the nomogram.
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Fig. 3. Validation of the nomogram in internal and external cohorts. (a-b) ROC curves in the internal (a) and external (b) 
validation sets. (c-d) DCA in the internal (c) and external (d) validation sets assessing clinical utility.

Fig. 4. Flowchart depicting sample inclusion and overall study workflow.



CCCC 2026     0257

Tables

Table 1. Baseline characteristics of survivor and non-survivor groups in the MIMIC-IV cohort.
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