Association between trajectories of urea nitrogen-to-creatinine ratio and all-cause mortality in patients with acute pancreatitis: analysis of the MIMIC-IV database
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Abstract
Background
Acute pancreatitis (AP) progression to severe acute pancreatitis (SAP) carries high mortality and healthcare burden, with current prognostic tools limited by delayed results or single-time-point biomarkers. The blood urea nitrogen/creatinine ratio (BCR) is a promising prognostic indicator, but its dynamic trajectory’s link to mortality in critically ill AP patients remains unclear.
Methods 
This study aimed to investigate the association between BCR trajectories and all-cause mortality at 28 and 90 days in AP patients. Data were extracted from the  Medical Information Mart for Intensive Care IV (MIMIC-IV) database (Version 3.0). Group-based trajectory modeling (GBTM) was applied to identify distinct BCR trajectory patterns using the first valid paired BUN–creatinine measurement within each of three predefined time windows (0-24h, 24-48h, and 48-72 h post-ICU admission). Kaplan–Meier curves with log-rank tests were used to compare survival outcomes across trajectory groups. Cox proportional hazards models—Crude (unadjusted), Model I (adjusted for age, sex, Sequential Organ Failure Assessment [SOFA] score, intensive care unit length of stay [LOS], and Continuous Renal Replacement Therapy [CRRT]), and Parsimonious Primary Model (additionally adjusted for albumin, norepinephrine, and ventilation)—were constructed to examine the association between BCR trajectories and mortality risk. Subgroup analyses with interaction tests were performed to assess the robustness of the findings.
Results
Among 606 eligible patients, four BCR trajectories were identified: moderate-stable (44.7%), low-stable (39.8%), descend-ascend (2.1%), and high-stable (13.4%; Class 4). Patients in Class 4 had significantly higher 28- and 90-day mortality. After multivariable adjustment, Class 4 remained independently associated with 28-day mortality (HR 3.05, 95% CI 1.58–5.89, P<0.001) and 90-day mortality (HR 1.95, 95% CI 1.21–3.13, P=0.006). Subgroup analyses revealed no significant interactions (all P for interaction >0.05).
Conclusions
Dynamic BCR trajectories are independently associated with 28- and 90-day all-cause mortality in acute pancreatitis, with the high-stable trajectory (Class 4) conferring the greatest mortality risk. BCR trajectory assessment may inform early risk stratification, although its clinical utility and impact on outcomes require prospective validation.
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Introduction
[bookmark: OLE_LINK4]Acute Pancreatitis (AP) is a prevalent digestive condition worldwide characterized by the acute onset of pancreatic inflammation, which may lead to life-threatening complications. It is estimated that the annual incidence of AP worldwide is 13-49 cases per 100,000 people. Over the past decade, the number of hospitalizations due to AP has increased by approximately 30%[1], imposing a substantial economic and disease burden on healthcare systems. Roughly 20% to 30% of AP patients develop Severe Acute Pancreatitis (SAP), which is associated with a mortality rate as high as 20%[2, 3]. The high mortality of SAP underscores the urgent need for early and accurate prognostic tools. Timely recognition of high-risk individuals with AP enables tailored measures to be implemented, such as refined fluid resuscitation strategies and proactive infection management, which in turn delay disease progression and improve patient outcomes[3]. However, current methods for prognostic assessment in AP still have limitations.
Existing severity assessment tools, such as the Balthazar Computed Tomography (CT) Severity Index, the Bedside Index for Severity in Acute Pancreatitis (BISAP), and the Acute Physiology and Chronic Health Evaluation II (APACHE-II), rely on the comprehensive evaluation of clinical, radiological, and laboratory parameters. Although these tools can provide valuable stratification information, they have inherent drawbacks: complex data collection, delayed availability (e.g., CT-based scoring can only detect necrosis 3-5 days after onset), and susceptibility to inter-observer variability[2, 4]. Single biomarkers, such as serum creatinine (Cr) or blood urea nitrogen (BUN), have been proposed as simpler alternatives due to their routine availability and correlation with SAP severity[5]. Nevertheless, BUN is easily affected by non-renal factors (e.g., dehydration, heart failure, gastrointestinal bleeding) [6, 7], while Cr levels are influenced by muscle mass, medications (e.g., cimetidine), and liver function[8]. Thus, the prognostic accuracy of these single biomarkers is limited when used alone.
To address these limitations, the blood urea nitrogen/creatinine ratio (BCR) has emerged as a more reliable prognostic indicator in critical illness. By integrating BUN (a marker of protein catabolism and renal perfusion) and Cr (a surrogate marker of glomerular filtration function and muscle mass), BCR can reduce the individual variability of each single indicator[4, 9]. The BCR has been identified as a marker of critical illness–related catabolism, reflecting progressive muscle wasting and protein breakdown. It also independently predicts adverse outcomes in patients with sepsis, stroke, and heart disease[9-12]. A study by Wan et al. [4] demonstrated a J-shaped association between the baseline BCR at admission and all-cause mortality within 365 days in severely unwell people with AP; when the ratio exceeded the threshold of 16.80, the risk of death increased sharply. Notably, most current studies focus on single-time-point BCR measurements (e.g., baseline or 24-hour values) [4, 5, 13], neglecting its dynamic trajectory during AP progression. SAP patients in the intensive care unit (ICU) often receive aggressive interventions, including fluid resuscitation and renal replacement therapy. These interventions can alter BUN and creatinine levels over time. For instance, fluid resuscitation can reduce BUN by correcting hypovolemia, whereas progressive renal injury may lead to an increase in creatinine. These changes cannot be captured by single-time-point measurements[14-16]. A recent study investigating the BUN trajectory in AP patients admitted to the ICU found that a persistent increase in BUN was associated with adverse outcomes[15]; however, this study did not integrate creatinine to assess muscle mass or renal function. The change trajectory of BCR (e.g., persistent increase, transient decrease followed by increase, or stable within normal range) may more accurately reflect interactions among metabolic stress, renal function, and treatment response. These factors are key drivers of long-term mortality in patients with AP.
Using data from the publicly available Medical Information Mart for Intensive Care IV (MIMIC-IV, Version 3.0), we hypothesized that BCR trajectories provided prognostic information beyond single-time-point measurements and were independently associated with mortality in AP. This study aimed to evaluate the utility of BCR trajectories for early risk stratification in patients with AP.

Methods
Data Source
[bookmark: OLE_LINK1]The data from the publicly available MIMIC-IV database was analysed in this retrospective single-centre research. detailed clinical data of individuals admitted to Beth Israel Deaconess Medical Center (BIDMC, Boston, MA, USA) was contained in the database. The database included demographic details, laboratory test results, vital signs, comorbidities, treatment strategies, and patient outcomes. Following the completion of the National Institutes of Health (NIH) training and examination on Protecting Human Research Participants (certification ID: 62382475), our research team secured access to the database as early as 2024. The Institutional Review Boards (IRBs) of the Massachusetts Institute of Technology (MIT; IRB protocol no. 0403000206) and BIDMC (IRB protocol no. 2001P001699) have granted approval to the MIMIC-IV database, which applied strict data anonymization protocols to protect patient confidentiality[17]. Informed consent was waived for the secondary use of the anonymized dataset, as approved by the respective IRBs.
Study Design and Population
[bookmark: OLE_LINK5]The MIMIC-IV database’s patients with acute pancreatitis were all identified by means of ICD-9 or ICD-10 codes (ICD-9: 5770; ICD-10: K85, K850, K8502, K851, K8512, K852, K8522, K853, K8532, K858, K8582, K859, K8592). Patients were required to have an intensive care unit length of stay (LOS) over 72 hours to enable the construction of reliable dynamic BCR trajectories. This criterion was essential for two reasons: 1) measurements of creatinine and BUN are not typically performed multiple times daily, and 2) at least three measurement time points are required to establish valid BCR trajectories. Patients were ruled out if they matched any of the subsequent descriptions: 1) age < 18 years; 2) ICU LOS < 72 hours; 3) repeated ICU admittance (only first admission data were included); 4) Fewer than 3 creatinine and blood urea nitrogen measurements during hospitalization; 5) admission diagnoses of end-stage renal disease, liver cirrhosis, or malignancy; 6) missing key data (e.g., creatinine, BUN, or survival status). A total of 606 patients were finally included in the analysis(Figure 1).
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Fig.1. Flowchart of the selection of patients

Data Extraction
Data were extracted using Navicat Premium (Version 16.1.12) with Structured Query Language (SQL). The following data were retrieved for every case when admitted: demographic details ( weight, age, sex ); clinical scores( Glasgow Coma Scale [GCS], Sequential Organ Failure Assessment [SOFA] ); historical medical records ( chronic pulmonary disease, congestive heart failure [CHF], diabetes mellitus, hypertension ); laboratory measurements ( platelet count, white blood cell [WBC] count, hematocrit, hemoglobin, aspartate transaminase [Ast], alanine transaminase [Alt], total bilirubin [TBil], albumin, blood glucose [Glu], potassium, sodium, calcium, BUN, creatinine, BCR); treatments( norepinephrine, octreotide, antibiotics, anticoagulants, fluid resuscitation, Continuous Renal Replacement Therapy [CRRT] ); comorbidities and outcomes( renal failure, respiratory failure, sepsis, mechanical ventilation, ICU mortality, length of stay in intensive care unit [LOS in ICU], in-hospital mortality, 28-day mortality, 90-day mortality ). For trajectory modeling, serum creatinine and blood urea nitrogen were extracted from three predefined ICU admission time windows: 0–24 h, 24–48 h, and 48–72 h post-admission. Within each window, we used the first valid paired BUN–Cr laboratory result to compute BCR (BCR = BUN / Cr); repeated measurements in the same window were not averaged, nor were maximum or minimum values selected. Only patients with complete paired BUN–Cr data across all three windows were eligible for trajectory modeling.

Study Outcomes
The outcomes were all-cause mortality at 28 days and 90 days following admission. 
Statistical Analysis
 BCR trajectories were generated using group-based trajectory modeling (GBTM). GBTM predicted group-specific trajectories, estimated each individual's posterior probability of group membership, and assigned patients to the group with the highest probability. The model used a finite set of polynomial time functions to characterize these trajectories. Three criteria were used to determine the optimal number of trajectory classes: 1) the lowest Bayesian Information Criterion (BIC) value; 2) an average posterior probability > 0.7 for group assignment; 3) a minimum class size > 2% in the total cohort[18].
[bookmark: OLE_LINK2]Baseline characteristics across the four trajectory groups were compared using descriptive statistics. Normally distributed continuous variables were shown as mean ± standard deviation (SD), and non-normally distributed continuous variables were presented as median with interquartile range (IQR); categorical variables were displayed as absolute counts (percentages). When dealing with continuous variables, one-way analysis of variance (ANOVA) was employed if the data showed normal distribution and homogeneous variance; otherwise, the Kruskal–Wallis test was adopted. Categorical variables were compared using the chi-square test. Kaplan–Meier curves were generated to visualize survival differences across trajectory groups, and the log-rank test was used to compare survival distributions. The associations between BCR trajectory groups and 28-day and 90-day all cause mortality were assessed using Cox proportional hazards regression. Four analytical models were applied, including the original crude model, base-adjusted Model I, parsimonious primary model, and extended-adjusted Model II. The crude model was unadjusted. Model I was adjusted for age, sex, SOFA score, ICU LOS, and CRRT. The parsimonious primary model further incorporated albumin, norepinephrine use, and mechanical ventilation based on clinical prognostic relevance. The total number of covariates was strictly limited to maintain a robust events per variable ratio. Model II was an extended-adjusted model that incorporated all covariates from the parsimonious primary model, major comorbidities (hypertension and diabetes), and additional laboratory and clinical variables: WBC, platelet count, hemoglobin, glucose, calcium, octreotide, and fluid resuscitation. To quantify the risk of 28-day and 90-day mortality for each BCR trajectory group, hazard ratios with 95% confidence intervals (CIs) were presented. Covariate selection was guided by known clinical relevance and univariable screening (P <0.2 as the candidate entry threshold). To avoid collinearity, data redundancy, and model inflation, several univariable-significant candidates were not included in Model II. Given its relatively high covariate load, Model II was presented in supplementary materials for exploratory analysis only (supplementary Table1). Additionally, subgroup analyses were conducted for sex, age (dichotomized at 65 years), anticoagulant use, pleural effusion, and renal failure to assess potential effect modification. Interaction tests were performed to evaluate whether the association between BCR trajectories and mortality differed across subgroups.
All statistical analyses were conducted using R Studio (Version 4.3.1). A two-sided P-value < 0.05 was considered statistically significant.

Results
The MIMIC-IV database was used to initially identify 1,310 patients with acute pancreatitis, all of whom were aged ≥18 years and admitted to the intensive care unit for the first time. After application of exclusion criteria (end-stage renal disease, cirrhosis, or cancer, n = 269; ICU stay < 72 h, n = 2; missing data, n = 150; missing 28/90-day survival status, n = 283), 606 patients were finally included in the study. Group-based trajectory modeling was served to distinguish unique BCR trajectories during the hospital stay. 
Based on model fit indices, clinical interpretability, and minimal class size, a 4-class trajectory model was selected as optimal (Figure 2). Patients were categorized into four classes: Class 1 (moderate-stable, 44.7%, N=271), Class 2 (low-stable, 39.8%, N=241), Class 3 (descend-ascend, 2.1%, N=13), and Class 4 (high-stable, 13.4%, N=81).
[image: PdfFigure2]
Fig.2. Identification of BCR trajectories. Four distinct BCR trajectories were derived: Class 1 (44.7%, moderate-stable): mildly elevated, stable BCR; Class 2 (39.8%, low-stable): persistently low, stable BCR; Class 3 (2.1%, descend-ascend): fluctuating BCR with an early decrease and subsequent rebound; Class 4 (13.4%, high-stable): persistently high and stable BCR.

Baseline Characteristics 
Baseline characteristics of the four groups stratified by BCR trajectory groups were presented in Table 1. Patients in Class 1 and Class 4 were older (median age 66.0 years) compared to Class 2 and Class 3 (median age 54.0 and 54.0 years, respectively, P<0.001). The prevalence of diabetes was highest in Class 4 (58.0%) and Class 1 (52.0%), both significantly higher than that in Class 2 (36.1%; both P<0.001). Heart failure was more common in Class 1 (38.4%) and Class 4 (40.7%) than in Class 2 (22.0%; P<0.001). Class 4 had the highest levels of BUN (median 35.0 mg/dL), creatinine (median 1.1 mg/dL), and BCR (36.2±9.6), while Class 2 had the lowest (BUN: 13.0 mg/dL; creatinine: 0.9 mg/dL; BCR: 13.3±4.1, all P<0.001). Fasting glucose was also highest in Class 4 (median 137.0 mg/dL) when contrasted with the other groups (P<0.001). Furthermore, the proportion of participants receiving antibiotics was highest in Class 1 (89.7%) and lowest in Class 2 (80.9%; P=0.021). 

Survival Analysis
Kaplan–Meier survival curves (Figure 3) revealed significant differences in survival across BCR trajectory groups at both 28 days (log-rank P=0.006) and 90 days (log-rank P=0.01). Cumulative mortality also differed significantly across groups at 28 days (P=0.008) and 90 days (P=0.027). At 28 days, Class 4 had the highest all-cause mortality (21.0%), followed by Class 3 (15.4%), Class 2 (10.4%), and Class 1 (7.7%). At 90 days, Class 4 remained the group with the highest mortality (33.3%), followed by Class 3 (23.1%), Class 1 (19.2%), and Class 2 (18.3%). Class 3 was not included in post-hoc pairwise comparisons due to its small sample size (n=13).
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Fig.3. Kaplan-Meier survival curves for all-cause mortality by BCR trajectory group in acute pancreatitis. Panels (A) and (B) show 28-day and 90-day survival curves for the four trajectory subgroups (moderate-stable, low-stable, descend-ascend, and high-stable groups), respectively.

Relationships between BCR trajectories and clinical outcomes of patients with AP
The association between BCR trajectories and mortality was evaluated using Cox proportional hazard models, with Class 1 designated as the reference group (Table 2).
For 28-day all cause mortality, the high-stable BCR trajectory (Class 4) was strongly associated with elevated mortality risk in the crude model (HR = 2.95, 95% CI: 1.56–5.60, P < 0.001). This association remained robust after adjustment in Model I (HR = 3.11, 95% CI: 1.63–5.95, P < 0.001) and the parsimonious primary model (HR = 3.05, 95% CI: 1.58–5.89, P < 0.001). Compared with Class 1 (reference), Class 2 also showed significantly higher 28-day mortality risk in Model I (HR = 2.09, 95% CI: 1.15–3.82, P = 0.016) and the parsimonious primary model (HR = 2.32, 95% CI: 1.26–4.27, P = 0.007). Class 3 yielded statistically significant elevated hazard ratios for 28-day mortality after adjustment; however, confidence intervals were extremely wide, reflecting considerable uncertainty in effect estimates due to the very small sample size of this group.
For 90-day all cause mortality, Class 4 demonstrated increased mortality risk in the crude model (HR = 1.96, 95% CI: 1.23–3.12, P = 0.005). The significant association persisted in Model I (HR = 1.98, 95% CI: 1.24–3.18, P = 0.004) and the parsimonious primary model (HR = 1.95, 95% CI: 1.21–3.13, P = 0.006). By contrast, after adjustment in both Model I and the parsimonious primary model, neither Class 2 nor Class 3 showed statistically significant associations with 90-day mortality. Results from the extended-adjusted Model II are provided in Supplementary Table 1 for exploratory reference.
Table2 Hazard ratios of 28-day and 90-day mortality risk in AP by trajectory groups of BCR.
	
	Crude Model
	ModelI
	Parsimonious Primary Model

	
	Crude HR(95%CI)
	P-value
	Adjusted HR(95%CI)
	P-value
	Adjusted HR(95%CI)
	P-value

	28-day mortality

	Class1
	Reference
	
	Reference
	
	Reference
	

	Class2
	1.36(0.76,2.42)
	0.302
	2.09(1.15,3.82)
	0.016
	2.32(1.26,4.27)
	0.007

	Class3
	2.02(0.47,8.64)
	0.340
	4.79(1.09,21.04)
	0.038
	5.37(1.22,23.69)
	0.026

	Class4
	2.95(1.56,5.60)
	<0.001
	3.11(1.63,5.95)
	<0.001
	3.05(1.58,5.89)
	<0.001

	90-day mortality

	Class1
	Reference
	
	Reference
	
	Reference
	

	Class2
	0.96(0.64,1.43)
	0.835
	1.40(0.92,2.12)
	0.118
	1.49(0.97,2.28)
	0.066

	Class3
	1.24(0.39,3.97)
	0.716
	2.13(0.66,6.93)
	0.208
	2.45(0.75,7.99)
	0.137

	Class4
	1.96(1.23,3.12)
	0.005
	1.98(1.24,3.18)
	0.004
	1.95(1.21,3.13)
	0.006


Crude Model: unadjusted; Model I: adjusted for Age, Gender, SOFA, LOS in ICU, CRRT; Parsimonious Primary Model: adjusted for Albumin, Norepinephrine, Ventilation and all variables in Model I.

Subgroup Analysis
Subgroup analyses across age, gender, use of anticoagulants, renal failure, and pleural effusion revealed no significant interactions (all P for interaction>0.05), indicating that the association between BCR trajectories and mortality was consistent across these strata. Detailed subgroup results are provided in Figure 4.
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Fig.4. Subgroup analyses of BCR trajectories and mortality in AP. Forest plots display hazard ratios with 95% confidence intervals for 28‑day and 90‑day all‑cause mortality across pre‑specified subgroups; Class 1 (moderate‑stable group) served as the reference group.

Discussion
This study used the Medical Information Mart for Intensive Care IV database to comprehensively explore the association between blood urea nitrogen/creatinine ratio trajectories and all-cause mortality in critically ill participants with AP. Via group-based trajectory modeling, we identified four distinct BCR trajectories during hospitalization among AP patients: moderate-stable group (Class 1, 44.7%), low-stable group (Class 2, 39.8%), descend-ascend group (Class 3, 2.1%), and high-stable group (Class 4, 13.4%).  This trajectory classification reflects dynamic renal and systemic pathophysiological changes in AP patients, consistent with clinical observations of progressive renal dysfunction and metabolic disturbances in AP[19, 20].
The results of this study highlight the value of monitoring BCR trajectories for risk stratification in AP patients. Unlike single-point BCR measurement, trajectory analysis captures dynamic changes in renal metabolism and systemic status, facilitating earlier identification of high-risk patients. For patients with a high-stable BCR trajectory, proactive interventions (e.g., optimizing fluid resuscitation to improve renal perfusion, targeted anti-inflammatory therapy, and early renal support therapy) may reduce mortality risk[2, 19]. Additionally, existing studies mostly focus on stable BCR patterns, such as persistently elevated or decreased ratios. The fluctuating descend-ascend trajectory (Class 3) identified in the present study complements the overlooked dynamic phenotype in previous literature. Notably, given the extremely small sample size of Class 3 (n=13, 2.1%), the interpretation of “early improvement followed by late deterioration” in this subgroup remains exploratory and speculative.
In our study, the high-stable trajectory (Class 4) was characterized by persistently elevated BCR levels (36.2±9.6) and had the highest 28-day and 90-day mortality (21.0% and 33.3%, respectively). In the parsimonious primary model, Class 4 was independently associated with the highest mortality risk. This finding can be explained by the following mechanisms. First, renal hypoperfusion and toxin accumulation. In the early stage of AP, activation of pancreatic enzymes increases vascular permeability, leading to leakage of protein-dense fluid into the interstitial compartment. This causes circulatory volume deficit and reduced renal perfusion. In the late stage, when complicated with infection or pancreatic necrosis, substances released by necrotic pancreas (including histamine, prostaglandin E, trypsin, chymotrypsin, bradykinin, as well as bacteria and endotoxins) may also induce acute kidney injury[20-22]. In Class 4 patients, baseline BUN (35.0 mg/dL) and creatinine (1.1 mg/dL) were significantly elevated, confirming persistent renal injury. This is fully consistent with the "J-shaped association between persistently elevated BUN/Cr ratio and mortality risk in SAP patients" reported by Wan et al.[4], where mortality risk increased exponentially when the ratio exceeded 16.8. Second, hypercatabolism and uncontrolled inflammation. Both Gunst et al.[9] and Haines et al.[23] proposed that urea-creatinine ratio (UCR) is a potential biomarker of critical illness-associated catabolism. Class 4 patients exhibited enhanced muscle catabolism, characterized by relatively stable creatinine production but elevated urea levels due to increased protein breakdown. This metabolic state, combined with sustained activation of proinflammatory cytokines such as IL-6 and TNF-α2, maintained persistently high BCR levels[13]. Clinically, these patients were often accompanied by hyperglycemia (137.0 mg/dL) and hypoalbuminemia (2.9 g/dL), further confirming the synergistic effects of metabolic disorders and inflammation. Lastly, activation of the renin-angiotensin system (RAS). Roca-Ho et al.[24] found that downregulated ACE2 expression in SAP patients enhances Ang II/AT1R axis activity, promoting renal interstitial fibrosis and pancreatic ischemia. Class 4 patients had significantly higher prevalence of heart failure (40.7%) and renal failure (56.8%) than other groups. Notably, a persistently elevated BCR may reflect not only renal dysfunction but also systemic endothelial dysfunction and enhanced vasoconstriction, which aligns with the higher prevalence of heart failure and renal failure observed in Class 4. These findings suggest that RAS activation may be a potential mechanism underlying the persistent elevation of BCR. This is highly consistent with the research conclusion that "abnormal RAS exacerbates pancreatic-renal crosstalk injury".
The low-stable group (Class 2) maintained a persistently low BCR (13.3±4.1) and had the lowest 28-day/90-day mortality rates (10.4% and 18.3%, respectively). Additionally, this group showed the most favorable baseline inflammatory indicators (WBC 10.0 K/μL) and organ failure rates (respiratory failure 25.7%), representing an ideal phenotype with early compensation and effective intervention. Szatmary et al.[2] emphasized that goal-directed fluid resuscitation (e.g., lactated Ringer's solution) within 24 hours of AP onset improves renal perfusion and reduces the release of inflammatory factors. In our study, 93.4% of Class 2 patients received fluid resuscitation during hospitalization, and their BUN (13.0 mg/dL) and creatinine (0.9 mg/dL) levels were near normal. These findings are consistent with the clinical consensus that effective fluid replacement helps maintain renal compensatory function. This aligns with the findings of Beij et al.[3] that early fluid resuscitation is associated with reduced mortality in AP patients. Furthermore, Class 2 patients had the lowest prevalence of underlying diabetes (36.1%) and hypertension (58.9%), with a baseline SOFA score of 4, which matched the "mild inflammatory phenotype" of AP[19]. At this stage, local pancreatic inflammation has not progressed to systemic inflammatory response syndrome (SIRS). Consequently, the balance between urea production (driven by protein catabolism) and creatinine excretion (reflecting glomerular filtration) is maintained, resulting in a stable BCR. BCR is stabilized within the physiological range, consistent with the clinical feature of "self-limiting course in mild AP".
The moderate-stable group (Class 1) is a typical manifestation of intermediate disease status and the most common trajectory type in this study. According to the Atlanta classification[19], "moderate SAP" is defined as "transient organ failure (<48 h) or local complications"—a definition that exactly matches Class 1 patients. These patients exhibited mild and reversible renal metabolic abnormalities (mean BUN 20.0 mg/dL) secondary to pancreatic inflammation, without progression to persistent or irreversible renal injury. The intermediate inflammatory burden, suboptimal but compensated organ function, and moderate 28-day mortality (19.2%) further support that Class 1 corresponds to the classic MSAP clinical subtype. Meanwhile, preexisting comorbidities including diabetes (52.0%) and hypertension (71.6%) were associated with failure of BCR levels to decline to the near normal range observed in Class 2. This resulted in a stable, moderate BCR trajectory throughout hospitalization[16]. In addition, Gunst et al.[9] noted that critically ill patients can avoid uncontrolled catabolism if they initiate a compensatory anti-inflammatory response. Albumin (3.1 g/dL) and hemoglobin (11.3 g/dL) levels in Class 1 were intermediate between those of Class 2 and Class 4. These findings are consistent with moderate protein catabolism in Class 1, without the excessive catabolism observed in Class 4. This is consistent with the scientific mechanism of "metabolic compensation under moderate stress". Clinically, this intermediate phenotype accounts for the largest proportion of hospitalized AP patients. Patients with this phenotype require close monitoring and individualized supportive care rather than aggressive intervention, which further supports the clinical applicability and rational classification of our trajectory model.
For the descend-ascend group (Class 3), the fluctuating BCR pattern may be attributable to effective early intervention followed by rebound of late complications, and low body weight with insufficient metabolic reserves[25]. Class 3 patients had a significantly lower baseline body weight (63.2 kg) than other groups, with reduced muscle mass leading to a low baseline of creatinine production.As the denominator of the BCR, low creatinine renders BCR highly sensitive to urea nitrogen fluctuations. Early standardized fluid resuscitation may transiently improve renal perfusion and reduce BCR values, whereas secondary infection and subsequent hypermetabolism may elevate urea levels and cause BCR rebound[16]. Notably, these mechanistic inferences are highly speculative given the limited sample size of this subgroup. Among the 13 patients in Class 3, only 2 died within 28-days (15.4%) and 3 died within 90-days (23.1%). Although the crude mortality percentages appear numerically elevated, these estimates are based on very few outcome events and are prone to substantial random variation. Dedicated, larger‑sample studies are urgently needed to validate this unique fluctuating trajectory and clarify its underlying clinical mechanisms and prognostic value.
Furthermore, Cox proportional-hazards analysis confirmed that BCR trajectories were independently associated with 28-day and 90-day all-cause mortality in AP. In the parsimonious primary model, the high-stable trajectory (Class 4) was associated with a 3.05-fold higher risk of 28-day mortality and a 1.95-fold higher risk of 90-day mortality relative to the moderate-stable reference group (Class 1). These findings align with previous reports linking persistently elevated BCR to poor prognosis in critically ill patients [4, 9]. Notably, the low-stable BCR trajectory (Class 2) was also linked to elevated 28-day mortality risk, although this association was no longer evident for 90-day outcomes. Such time-dependent discrepancy may reflect early phase physiological stress that partially resolves during critical illness recovery.
Subgroup analyses confirmed that the association between BCR trajectories and mortality was consistent across age, sex, and renal failure status, with no statistically significant interaction detected. This robustness supports the generalizability of our findings and suggests that BCR trajectory-based risk stratification may be applicable to diverse AP patient populations. Although numerically higher risk estimates for Class 4 were seen in some subgroups (e.g., older adults, males, patients with renal failure), these should be regarded as descriptive trends rather than definitive evidence of stronger effects in vulnerable populations.
Limitations
First, as a retrospective cohort study, this work is subject to inherent selection bias and residual confounding attributable to unmeasured clinical variables, including detailed nutritional status, severity of pancreatic necrosis, precise fluid balance, and dynamic nutritional support strategies. In-ICU CRRT may alter serial BCR levels by reducing circulating urea and regulating creatinine clearance, two core components of the BCR metric. Although we adjusted for CRRT use in both Model I and the primary parsimonious model, subtle residual confounding effects cannot be completely eliminated. Of note, CRRT exposure was rare across all BCR trajectory groups (maximum 5.8%), rendering substantial confounding effects statistically unlikely. Given the limited sample size of individual trajectory subgroups, additional sensitivity analyses excluding CRRT-treated patients were not performed to avoid model instability. Future prospective studies with granular clinical data are warranted to validate our findings. Second, the MIMIC-IV database originates from a single tertiary medical center, which may restrict the generalizability of our results to community hospital populations and diverse ethnic cohorts. Third, the 72-hour ICU stay inclusion criterion may introduce mild survival selection bias. Patients who die within the first 72 hours of ICU admission were excluded, who represent the most critically ill subgroup with the highest mortality risk. This exclusion may lead to slight underestimation of overall critical illness mortality and limit external generalizability. Importantly, this bias only affects cross-population extrapolation and does not undermine the internal validity or core prognostic findings of the BCR trajectory analysis. Additionally, the relatively small sample size of the Class 3 trajectory group may reduce statistical power for outcome assessment, requiring large-scale prospective cohorts to validate the prognostic value of fluctuating BCR phenotypes. Finally, this study primarily focused on the prognostic performance of BCR trajectories and did not explore the underlying molecular and inflammatory mechanisms of distinct trajectory phenotypes, which provides a key direction for future translational research.

Conclusions
In summary, BCR trajectories are independently associated with 28- and 90-day all-cause mortality in critically ill AP patients, with the high-stable trajectory (Class 4) carrying the highest risk. Trajectory-based stratification offers a dynamic alternative to single-point biochemical measurements and may provide a simple, cost-effective tool for early risk evaluation. Prospective validation is warranted to confirm clinical utility and inform personalized management strategies.
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Table1 Baseline characteristics of patients grouped according to BCR trajectory
	Variables
	Class1(N=271)
	Class2(N=241)
	Class3(N=13)
	Class4(N=81)
	P-value

	Age,Years
	66.0(54.0.78.0)
	54.0(43.0,68.0)
	54.0(44.0,70.0)
	66.0(56.0,79.0)
	<0.001

	Male,N(%)
	150(55.4%)
	143(59.3%)
	5(38.5%)
	41(50.6%)
	0.295

	Hypertension,N(%)
	194(71.6%)
	142(58.9%)
	9(69.2%)
	52(64.2%)
	0.027

	Diabetes,N(%)
	141(52.0%)
	87(36.1%)
	5(38.5%)
	47(58.0%)
	<0.001

	Heart Failure,N(%)
	104(38.4%)
	53(22.0%)
	3(23.1%)
	33(40.7%)
	<0.001

	Chronic Pulmonary 
Disease,N(%)
	12(4.4%)
	6(2.5%)
	0(0%)
	6(7.4%)
	0.204

	Weight,Kg
	78.6(67.0,93.2)
	80.5(69.2,97.7)
	63.2(53.6,74.5)
	79.1(64.5,96.7)
	0.008

	SOFA score
	4(2,6)
	4(2,7)
	4(2,6)
	5(3,8)
	0.080

	GCS score,N(%)
	
	
	
	
	0.008

	3-8
	5(1.8%)
	6(2.5%)
	0(0%)
	1(1.2%)
	

	9-13
	17(6.3%)
	5(2.1%)
	3(23.1%)
	8(9.9%)
	

	14-15
	249(91.9%)
	230(95.4%)
	10(76.9%)
	72(88.9%)
	

	WBC,K/μL
	11.2(7.4,17.1)
	10.0(6.6,14.6)
	12.8(8.8,17.9)
	12.5(8.3,19.6)
	0.007

	platelet,K/μL
	219.0(162.0,298.0)
	193.0(144.0,267.0)
	236.0(131.0,319.0)
	192.0(145.5,265.5)
	0.093

	Hematocrit,%
	34.5(29.2,38.7)
	34.0(29.7,38.3)
	30.3(27.8,31.1)
	33.4(29.5,37.7)
	0.046

	Hemoglobin,g/dL
	11.3±2.5
	11.5±2.1
	9.8±1.4
	11.2±2.5
	0.103

	Albumin,g/dL
	3.1±0.7
	3.2±0.7
	3.2±0.8
	2.9±0.7
	0.004

	TBil,mg/dL
	0.7(0.4,1.5)
	0.7(0.5,1.6)
	0.7(0.6,1.0)
	0.7(0.4,1.4)
	0.922

	Alt,IU/L
	40.0(20.0,85.0)
	43.0(20.0,131.0)
	33.0(17.0,114.5)
	39.0(19.0,60.0)
	0.444

	Ast,IU/L
	50.0(27.0,110.0)
	58.0(26.5,182.0)
	38.0(21.0,89.0)
	51.0(31.0,115.5)
	0.191

	Glu,mg/dL
	132.0(106.0,175.0)
	115.0(96.0,149.5)
	131.0(111.0,154.5)
	137.0(107.5,200.5)
	<0.001

	Potassium,mEq/L
	4.0(3.6,4.4)
	3.9(3.6,4.3)
	3.7(3.2,4.6)
	4.1(3.7,4.6)
	0.116

	Natrium,mEq/L
	138.0(135.0,141.0)
	138.0(136.0,141.0)
	137.0(132.5,144.0)
	138.0(136.0,140.0)
	0.960

	Calcium,mEq/L
	8.1(7.5,8.7)
	8.1(7.5,8.7)
	8.1(7.8,8.5)
	8.1(7.5,8.8)
	0.912

	BUN,mg/dL
	20.0(14.0,30.0)
	13.0(9.0,21.0)
	17.0(11.5,43.5)
	35.0(26.0,58.5)
	<0.001

	Creatinine,mg/dL
	1.0(0.7,1.4)
	0.9(0.7,1.6)
	0.4(0.3,0.8)
	1.1(0.8,1.6)
	<0.001

	BCR
	21.5±5.0
	13.3±4.1
	62.6±32.9
	36.2±9.6
	<0.001

	Norepinephrine,N(%)
	22(8.1%)
	16(6.6%)
	0(0%)
	7(8.6%)
	0.654

	Octreotide,N(%)
	18(6.6%)
	12(5.0%)
	2(15.4%)
	9(11.1%)
	0.159

	Anticoagulants,N(%)
	77(28.4%)
	44(18.3%)
	5(38.5%)
	19(23.5%)
	0.032

	Fluid-resuscitation,N(%)
	258(95.2%)
	225(93.4%)
	13(100%)
	75(92.6%)
	0.572

	Antibiotic,N(%)
	243(89.7%)
	195(80.9%)
	12(92.3%)
	65(80.2%)
	0.021

	Renal failure,N(%)
	129(47.6%)
	95(39.4%)
	2(15.4%)
	46(56.8%)
	0.005

	Respiratory failure,N(%)
	74(27.3%)
	62(25.7%)
	3(23.1%)
	27(33.3%)
	0.594

	Sepsis,N(%)
	159(58.7%)
	138(57.3%)
	9(69.2%)
	47(58.0%)
	0.858

	Ventilation,N(%)
	108(39.9%)
	98(40.7%)
	5(38.5%)
	34(42.0%)
	0.986

	CRRT,N(%)
	8(3.0%)
	14(5.8%)
	0(0%)
	1(1.2%)
	0.160

	LOS in ICU,Day
	2.4(1.4,5.0)
	2.7(1.2,6.2)
	2.7(1.8,9.5)
	3.1(1.6,6.9)
	0.485

	Icu mortality,N(%)
	14(5.2%)
	11(4.6%)
	2(15.4%)
	9(11.1%)
	0.070

	Inhospital mortality,N(%)
	26(9.6%)
	28(11.6%)
	2(15.4%)
	16(19.8%)
	0.097

	28-day mortality,N (%)
	21(7.7%)
	25(10.4%)
	2(15.4%)
	17(21.0%)
	0.008

	90-day mortality,N (%)
	52(19.2%)
	44(18.3%)
	3(23.1%)
	27(33.3%)
	0.027
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