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Prognostic significance of albumin
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This study aims to explore the relationship between the albumin-corrected anion gap (ACAG) and
short- and long-term all-cause mortality (ACM) in patients with acute pancreatitis (AP) managed in
the intensive care unit (ICU). We conducted a retrospective analysis utilizing data extracted from the
Medical Information Mart for Intensive Care-IV (MIMIC-1V) database. This study sought to investigate
the correlation between ACAG and ACM among patients diagnosed with AP across various disease
stages. R statistical software was used to identify the optimal thresholds for ACAG. Kaplan-Meier
survival curves and multivariate Cox proportional hazards regression models were employed to assess
the association between ACAG and short- and long-term ACM of AP. The predictive ability, sensitivity,
specificity, and area under the curve (AUC) of ACAG for short- and long-term ACM in AP were
investigated using receiver operating characteristic analysis. Subgroup analyses were also conducted.
A cohort comprising 605 participants was included in this study. The ideal threshold for ACAG identified
by R statistical software was 21.5. Cox proportional hazards modeling revealed that there was an
independent association between patients with AP with ACAG=21.5 and ACM at 3, 7, 10, 14, 28, 90,
and 180 days and 1 year before and after adjustment for confounders. Survival curves demonstrated
that patients with ACAG 2 21.5 had lower survival rates at 3, 7, 10, 14, 28, 90, and 180 days and 1 year.
In addition, ACAG showed superior performance, with a larger AUC than the anion gap, albumin,

and Systemic Inflammatory Response Syndrome score and Sequential Organ Failure Assessment at
3,7,10, 14, 28, 90, and 180 days and 1 year. Subgroup analysis revealed no significant interaction
between ACAG and any subgroups Elevated levels of ACAG were found to be associated with increased
short- and long-term ACM in patients with AP, and ACAG may be an independent predictor of ACM at
different disease stages.

Keywords Albumin-corrected anion gap, Acute pancreatitis, Intensive care unit, All-cause mortality,
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Abbreviations

ACAG albumin-corrected anion gap
ALB albumin

AKI acute kidney injury

AP acute pancreatitis

AUC area under the curve

CI confidence interval

HR hazard ratio
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ICD International Classification of Diseases

ICU intensive care unit

K-M Kaplan-Meier

MIMIC-IV  Medical Information Marketplace Intensive Care-IV
ACM all-cause mortality

RF respiratory failure

ROC receiver operative characteristic

SIRS Systemic Inflammatory Response Syndrome

SOFA Sequential Organ Failure Assessment

Acute pancreatitis (AP) is one of the most common diseases of the gastrointestinal system, impacting an
estimated 2.8 million individuals globally annually, and its incidence continues to increase'. AP prognosis
usually depends on disease severity. The majority of patients have mild symptoms and recover with fasting,
intravenous fluids, and supportive therapy; however, the disease continues to progress in approximately 20-30%
of patients, resulting in pancreatic necrosis, peripancreatic tissue necrosis, and multi-organ failure, accompanied
by a mortality rate ranging from 20 to 40%2>. Therefore, timely and accurate disease assessment is anticipated to
enhance the prognosis of patients afflicted with AP.

Several methods are available to assess AP severity, such as the Sequential Organ Failure Assessment
(SOFA) score, Systemic Inflammatory Response Syndrome (SIRS) score, Acute Physiology and Chronic Health
Evaluation II score, and Ransom Criteria*®. However, these methods are usually complex and require the
collection of several clinical and laboratory indicators, possibly delaying the time of treatment and missing the
optimal therapeutic window. Hence, there exists a pressing necessity to investigate novel, straightforward, highly
sensitive, and cost-effective indicators for evaluating the progression of AP.

Acid-base disorders are common among inpatients in intensive care unit (ICU) and are strongly associated
with mortality from various diseases®. Among these, the anion gap (AG), which reflects the difference between
unmeasured serum anion and cation concentrations, is one of the most commonly used biomarkers for diagnosing
acid-base imbalance and identifying metabolic acidosis. AG is composed primarily of albumin (ALB), lactate,
sulfate, phosphate, and other ions; however, because of the net negative charge carried by ALB, an increase or
decrease in its concentration can have a significant effect on AG levels’. Therefore, an increasing number of
researchers have suggested that the albumin-corrected anion gap (ACAG) is better suited for evaluating acid-
base disorders and determining disease prognosis®. Prior investigations have indicated a robust association
between elevated ACAG levels and adverse outcomes in individuals with acute myocardial infarction’, acute
kidney injury (AKI)!’, and asthma'.

To our knowledge, there have been no prior studies documenting an association between ACAG and short-
and long-term all-cause mortality (ACM) of AP. Thus, through the acquisition of hospitalization data of AP
patients from the Medical Information Mart for Intensive Care IV (MIMIC-1V) database spanning from 2008
to 2019, our objective was to investigate the correlation between ACAG and ACM across various stages of AP.
Additionally, we sought to assess the predictive capacity of ACAG in determining AP prognosis.

Materials and methods

Data source

This study was conducted retrospectively at a single center, with all data sourced from the MIMIC-IV database
(version 2.2; https://mimic.mit.edu). The MIMIC-IV database, a substantial resource, is publicly accessible
and overseen by the MIT Computational Physiology Laboratory. This database contains a vast amount of data
relevant to the field of intensive care medicine and is an essential resource for the study of critical care outcomes,
predictive modeling, clinical decision support, and other areas of research. The database includes all intensive care
patients admitted to the Beth Israel Deaconess Medical Center between 2008 and 2019 and contains a detailed
record of each patient’s basic information, laboratory results, treatment regimen, length of stay, physiological
parameters, and other comprehensive data. The authors engaged in this study have successfully completed the
Collaborative Institutional Training Initiative course, passed examinations on “Conflict of Interest” and “Data or
Specimen Research Only,” and were granted permission to access the database.

Ethical considerations and data privacy

In order to safeguard patient confidentiality, all personal data underwent de-identification, with random
numerical identifiers assigned in place of individual identification. Consequently, the Beth Israel Deaconess
Medical Center ethics committee exempted the necessity for informed consent.

Study population

The MIMIC-IV (v2.2) database contains data on 180,733 patients admitted to the ICU during the period from
2008 to 2019. The medical records of patients with AP were extracted using codes 577.0 and K85-K85.92 from
the International Classification of Diseases, Revision 9 (ICD-9) and ICD-10, respectively. Among the entries
in this database, 5,894 patients diagnosed with AP were identified, with 1,271 of them requiring admission to
the ICU. This study exclusively enrolled patients aged over 18 years. Additional exclusion criteria encompassed
patients with recurrent admissions for AP, those with ICU stays of less than 24 h, individuals with end-stage
renal disease, cirrhosis, or malignancy, and patients for whom data on AG and ALB levels were not documented
within 24 h of admission. Finally, a total of 605 patients were included in the study (Fig. 1).

Scientific Reports |

202515:1318 | https://doi.org/10.1038/s41598-025-85773-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

] [ Identification ]

Screening

Included

MIMIC-IV (v 2.2)
Total inpatients (n=180733)

Patients with AP admitted to ICU
(n=1271)

Excluded:

- Age < 18 years old (n=0)

- Stayed in ICU for < 24 h and
non-first ICU admission (n=486)

- Patients accompanied by end-
stage renal disease, cirrhosis,
and malignancy (n=163)

- Without information about
N ACAG at admission (n=17)
Final sample size

(n=605)

Lower ACAG group Higher ACAG group
(n=476) (n=129)

Fig. 1. Flowchart for participants from the MIMIC-IV (v 2.2). “Lower ACAG” refers to values below 21.5 and
“Higher ACAG” refers to values greater than or equal to 21.5. MIMIC-IV, Medical Information Marketplace
Intensive Care-IV; AP, acute pancreatitis; ICU, intensive care unit; ACAG, albumin-corrected anion gap.

Data extraction and management of abnormal and missing values

ACAG was selected as the main variable in this study. ACAG was obtained by calculating AG and ALB from
the first measurement taken within 24 h of admission to minimize interference with subsequent treatment.
According to the relevant literature'?, ACAG was calculated as follows: ACAG=AG+2.5 X [4.4-ALB (g/dL)].
Data extraction was conducted using Structured Query Language (SQL) with the assistance of PostgreSQL
(version 13.7.1) and Navicat Premium (version 15) software tools. PostgreSQL is an open-source, object-
relational database management system widely used for handling complex queries and managing large datasets.
In our study, PostgreSQL was utilized for data storage, retrieval, and the execution of structured query language
(SQL) commands to facilitate data management and analysis. Navicat Premium is a database management tool
that allows for easy connection to multiple databases. We used Navicat Premium to streamline our database
management process, including creating, organizing, and managing tables within PostgreSQL, which enhanced
our efficiency in data processing and organization. The primary data extracted included demographic variables,
vital signs, clinical treatments, comorbidities, laboratory variables, and clinical outcomes. The list of extracted
variables is summarized in Table 1. Using the STATA winsor2 command, outlier variables were processed with the
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Items

Composition

Demographic variables | Age, Gender, Ethnicity

Vital Signs

HR, SBP, DBP, MAP, RR, SpO2, Temperature

Clinical Treatments Vasopressin, Octreotide, Statins, Betablockers, MV, CRRT, ERCP

Comorbidities

AKI, Sepsis, RE, HE, AF, Hypertension, Diabetes, Obesity

Laboratory Variables RBC, WBC, RDW, PLT, Hb, HCT, Crea, ALB, BUN, TBil, AST, ALT, GLU, PT, INR, Blood lipase, K, Na, TCa, AG, LAC

Clinical Outcomes

LOS ICU, 3-day ACM, 7-day ACM, 10-day ACM, 14-day ACM, 21-day ACM, 28-day ACM, 90-day ACM, 180-day ACM, 1-year ACM

Table 1. Covariates extracted from the MIMIC-1V (v 2.2). MIMIC-IV, the Medical Information Mart for
Intensive Care database; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,
mean arterial pressure; RR, respiratory rate; SpO2, blood oxygen saturation; MV, mechanical ventilation;
CRRT, continuous renal replacement therapy; ERCP, endoscopic retrograde cholangiopancreatography; AKI,
acute kidney injury; RF, respiratory failure; HE, heart failure; AF, atrial fibrillation; RBC, red blood cell; WBC,
white blood cell; RDW, erythrocyte distribution width; PLT, platelet; Hb, hemoglobin; HCT, hematocrit; Crea,
creatinine; ALB, albumin; BUN, blood urea nitrogen; TBil, total bilirubin; AST, aspartate aminotransferase;
ALT, alanine aminotransferase; GLU, Glucose; PT, prothrombin time; INR, international normalized ratio; K,
serum potassium; Na, serum sodium; TCa, serum total calcium; AG, anion gap; LAC, lactate; LOS ICU, length
of ICU stay; ACM, all-cause mortality.

winsorize method at 1% and 99% cutoffs. To solve the problem of missing values, the researchers used multiple
estimation methods. Variables with more than 15% missing values were excluded, such as C-reactive protein and
calcitoninogen (a precursor to calcitonin, which may serve as a biomarker in inflammatory conditions but has
limited established relevance in AP, and its levels may be elevated when AP is combined with bacterial infection).

Statistical analysis

Continuous variables are reported as the median and interquartile range, and differences were analyzed using
t-tests or Mann-Whitney U-tests. Categorical variables are reported as counts and proportions and compared
using a chi-square test or Fisher’s exact test. In this study, we used R statistical software (R version 4.2.2, R
Statistical Computing Foundation) to determine the optimal threshold for ACAG. The optimal threshold for
selecting the maximum risk ratio is shown in Fig. 2. By applying a predetermined optimal threshold value, the
ACAG group was divided into two subgroups: higher and lower ACAG groups. Univariate and multivariate
analyses of prognostic factors were conducted utilizing Cox proportional hazards models to ascertain
independent predictors of mortality among patients with AP at various intervals post-hospital admission,
including 3, 7, 10, 14, 28, 90, and 180 days, as well as 1 year. The findings are presented as hazard ratios (HRs)
with corresponding 95% confidence intervals (CIs). Survival curves were constructed using the Kaplan-Meier
(K-M) method without adjustment, and the comparison between the two sets of curves was conducted utilizing
the log-rank test. The predictive ability of AG, ALB, and SIRS and SOFA scores for mortality at 3, 7, 10, 14, 28,
90, and 180 days and 1 year after admission as well as the sensitivity and specificity of each metric were assessed
using receiver operating characteristic (ROC) analysis, and the area under the curve (AUC) was calculated.
Finally, we examined the robustness of ACAG in different subgroups, including age, sex, hypertension, sepsis,
respiratory failure (RF), and diabetes. All statistical analyses were performed using a two-sided approach, with
significance set at P<0.05. R Statistical Software (R version 4.2.2, R Foundation for Statistical Computing), SPSS
Statistics 26 (IBM, Chicago, IL, USA), and GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) were
employed for data analysis.

Results

Baseline demographic and clinical characteristics

In the end, the study comprised 605 patients diagnosed with AP who received treatment in the ICU (Fig. 1).
Among them, 350 were males and 255 were females. Laboratory results revealed that individuals in the
elevated ACAG category exhibited markedly elevated levels of AG, AST, Crea, BUN, K, and LAC (all P<0.001).
Furthermore, patients classified in the higher ACAG group were at an increased likelihood of experiencing
an unfavorable prognosis. Our study found that these patients had higher ACM rates at different stages of AP,
including 3-day (0.6% vs. 10.1%, P<0.001), 7-day (1.3% vs. 14.7%, P<0.001), 10-day (2.1% vs. 22.5%, P<0.001),
14-day (3.2% vs. 27.1%, P<0.001), 28-day (5.5% vs. 38.0%, P<0.001), 90-day (12.4% vs. 43.4%, P<0.001), and
180-day (14.5% vs. 45.7%, P<0.001), and 1-year mortality (16.8% vs. 49.6%, P<0.001). In addition, patients in
the higher ACAG group had longer ICU stays [3.5 (1.9, 8.1) vs. 6.2 (2.4, 14.0), P<0.001]. The comprehensive
results are outlined in Table 2.

Univariate and multivariate Cox regression models of ACAG and ACM in AP patients

Univariate and multivariate Cox regression analyses were performed to investigate the potential association
between ACAG levels and ACM in patients diagnosed with AP. In the unadjusted model, elevated ACAG levels
were significantly associated with increased risk of short- and long-term ACM in AP: 3- (HR=16.75, 95% CI:
4.77-58.78, P<0.001), 7- (HR=12.59, 95% CI: 5.03-31.52, P<0.001), 10- (HR=11.95, 95% CI: 5.82-24.53,
P<0.001), 14- (HR=9.95, 95% CI: 5.43-18.22, P<0.001), 28- (HR=8.57, 95% CI: 5.32-13.79, P<0.001), 90-
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Fig. 2. The choice of the optimal cutoff maximized the risk ratio and the relationship between ACAG>21.5
and the distribution of ACAG.

(HR=4.65, 95% CI: 3.22-6.71, P<0.001), and 180-day (HR=4.26, 95% CI: 3.00-6.03, P<0.001) and 1-year
(HR=4.06, 95% CI: 2.92-5.65, P<0.001) ACM.

In Model 2, even after adjusting for confounders such as age, sex, and ethnicity, individuals categorized in
the elevated ACAG group exhibited an increased risk of death at different stages of the AP: 3- (HR=18.95, 95%
CI: 5.37-66.81, P<0.001), 7- (HR=13.75, 95% CI: 5.45-34.64, P<0.001), 10- (HR=12.64, 95% CI: 6.12-26.10,
P<0.001), 14- (HR=10.97, 95% CI: 5.95-20.24, P<0.001), 28- (HR=9.65, 95% CI: 5.96-15.64, P<0.001), 90-
(HR=5.26, 95% CI: 3.62-7.64, P<0.001), and 180-day (HR=4.77, 95% CI: 3.35-6.80, P<0.001) and 1-year
(HR=4.44, 95% CI: 3.17-6.21, P<0.001) ACM.

In Model 3, which included other more likely confounders, there was still an independent positive correlation
between ACAG levels and ACM during the period described above. The detailed findings are delineated in
Table 3.

K-M curves analysis

In contrast to patients categorized in the lower ACAG group, those in the higher ACAG group exhibited an
elevated short- and long-term ACM. K-M survival curves indicated that patients in the higher ACAG group
exhibited a higher 3-day (0.6% vs. 10.1%, P<0.001), 7-day (1.3% vs. 14.7%, P<0.001), 10-day (2.1% vs. 22.5%,
P<0.001), 14-day (3.2% vs. 27.1%, P<0.001), 28-day (5.5% vs. 38.0%, P<0.001), 90-day (12.4% vs. 43.4%,
P<0.001), and 180-day (14.5% vs. 45.7%, P<0.001), and 1-year mortality (16.8% vs. 49.6%, P<0.001) (Fig. 3).

ROC curve analysis
We plotted ROC curves for the five indicators, ACAG, AG, ALB, and SIRS and SOFA, that predicted ACM
of AP (Fig. 4). Our study demonstrated that ACAG had higher AUC values at different times after admission
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Variable Overall (n=605) | Lower ACAG Group (n=476) | Higher ACAG Group (n=129) | P value
ACAG 18.0 (15.5-20.8) | 17.0 (15.0-18.8) 24.5 (22.8-27.5) <0.001
Demographics
Age, years 58 (46-72) 57 (46-72) 59 (47-72) 0.88
Men, n (%) 350 (57.8) 272 (57.1) 78 (60.5) 0.50
Ethnicity, n (%)
Asian 22 (3.6) 18 (3.8) 4(3.1) 0.02
White 372 (61.5) 305 (64.1) 67 (51.9)
Black 48(7.9) 31 (6.5) 17 (13.2)
Others 163 (26.9) 122 (25.6) 41 (31.8)
Comorbidities
AKI, n (%) 433 (71.6) 316 (66.4) 117 (90.7) <0.001
Sepsis, n (%) 456 (75.4) 341 (71.6) 115 (89.2) <0.001
RE n (%) 278 (46.0) 197 (41.4) 81 (62.8) <0.001
HE n (%) 100 (16.5) 81 (17.0) 19 (14.7) 0.53
AF, n (%) 132 (21.8) 106 (22.3) 26(20.2) 0.61
Hypertension, n (%) 291 (48.1) 233 (49.0) 58 (45.0) 0.42
Diabetes, n (%) 191 (31.6) 152 (31.9) 39 (30.2) 0.71
Obesity, n (%) 77 (12.7) 59 (12.4) 18 (14.0) 0.64
Vital signs
HR, beats/min 101 (84-117) 100 (84-116) 103 (85-118) 0.52
SBP, mmHg 126 (108-144) 129 (111-146) 117 (100-137) <0.001
DBP, mmHg 71 (59-85) 72 (60-86) 67 (56-81) 0.02
MAP, mmHg 90 (77-103) 91 (79-105) 84 (72-98) 0.001
RR, times/min 21 (17-25) 21 (17-25) 22 (18-27) 0.048
SPO2, % 96 (94-99) 96 (94-99) 97 (94-99) 0.65
Temperature, C 36.8 (36.4-37.3) | 36.9 (36.4-37.4) 36.7 (36.4-37.1) 0.005
Laboratory parameters
RBC, 10°/L 3.6 (3.1-4.2) 3.7 (3.1-4.2) 3.5 (3.1-4.2) 0.23
WBC, 10°/L 12.9 (9.0-18.6) 12.9 (9.0-18.6) 13.0 (8.9-18.6) 0.78
RDW, % 14.6 (13.7-15.9) | 14.5 (13.6-15.8) 14.8 (14.0-16.3) 0.005
PLT, 10°/L 185 (127-265) 193 (132-280) 164 (122-208) 0.002
Hb, g/L 11.2(9.6-12.9) | 11.2(9.6-12.9) 11.0 (9.7-13.1) 0.98
HCT, % 33.4(29.1-38.4) | 33.6(29.0-38.0) 33.2(29.3-39.4) 0.82
AG, mmol/L 14 (12-17) 13 (11-15) 21(19-23) <0.001
ALB, g/dL 2.9 (2.5-3.3) 2.9 (2.5-3.3) 2.8 (2.4-32) 0.006
TBil, mg/dL 1.2 (0.6-3.2) 1.1 (0.6-2.9) 1.4 (0.6-4.6) 0.01
ALT, U/L 54 (25-138) 53 (24-134) 63 (27-141) 0.11
AST, U/L 69 (34-178) 61.5 (33.0-138.5) 129 (45-273) <0.001
GLU, mg/dL 132 (104-174) 130 (104-171) 139 (103-185) 0.46
Crea, mg/dL 1.1 (0.7-1.8) 1.0 (0.7-1.5) 2.1(1.2-4.1) <0.001
BUN, mg/dL 21.0 (12.5-36.0) | 18 (11-30) 35 (20-54) <0.001
PT,s 14.5(13.0-16.9) | 14.4 (12.9-16.4) 15.3 (13.0-18.9) 0.01
INR 1.3 (1.2-1.5) 1.3 (1.2-1.5) 1.4 (1.2-1.7) 0.006
K, mmol/L 4.0 (3.6-4.6) 4.0 (3.6-4.4) 4.3 (3.8-4.9) <0.001
Na, mmol/L 138 (135-141) 138 (135-141) 138 (134-142) 0.44
TCa, mg/dL 7.9 (7.2-8.4) 7.9 (7.3-8.5) 7.6 (7.0-8.3) 0.002
LAC, mmol/L 1.8 (1.2-2.8) 1.7 (1.2-2.6) 2.5(1.6-4.1) <0.001
Blood lipase, U/L 235 (62-1212) 210 (59-1142) 322 (83-1366) 0.10
Treatments
Vasopressin, n (%) 236 (39.0) 158 (33.2) 78 (60.5) <0.001
Octreotide, n (%) 63 (10.4) 46 (9.7) 17 (13.2) 0.25
Statins, n (%) 190 (31.4) 161 (33.8) 29 (22.5) 0.01
Betablockers, n (%) 351 (58.0) 280 (58.8) 71 (55.0) 0.44
Mechanical Ventilation, n (%) | 537 (88.8) 420 (88.2) 117 (90.7) 0.43
CRRT, n (%) 83(13.7) 27 (5.7) 56 (43.4) <0.001
ERCP, n (%) 41 (6.8) 35(7.4) 6 (4.6) 0.28
Continued
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Variable Overall (n=605) | Lower ACAG Group (n=476) ‘ Higher ACAG Group (n=129) | P value
Clinical Outcomes

LOS ICU, day 3.8(2.0-9.7) 3.5(1.9-8.1) 6.2 (2.4-14.0) 0.001
3-day ACM, n (%) 16 (2.6) 3(0.6) 13 (10.1) <0.001
7-day ACM, n (%) 25 (4.1) 6(1.3) 19 (14.7) <0.001
10-day ACM, n (%) 39 (6.4) 10 (2.1) 29 (22.5) <0.001
14-day ACM, n (%) 50 (8.3) 15 (3.2) 35(27.1) <0.001
28-day ACM, n (%) 75 (12.4) 26 (5.5) 49 (38.0) <0.001
90-day ACM, n (%) 115 (19.0) 59 (12.4) 56 (43.4) <0.001
180-day ACM, n (%) 128 (21.2) 69 (14.5) 59 (45.7) <0.001
1-year ACM, n (%) 144 (23.8) 80 (16.8) 64 (49.6) <0.001

Table 2. Baseline characteristics in patients with AP. ACAG, albumin-corrected anion gap; HR, heart rate;
SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; RR, respiratory rate;
MYV, mechanical ventilation; CRRT, continuous renal replacement therapy; ERCP, endoscopic retrograde
cholangiopancreatography; AKI, acute kidney injury; RE respiratory failure; HE, heart failure; AF, atrial
fibrillation; RBC, red blood cell; WBC, white blood cell; RDW, erythrocyte distribution width; PLT, platelet;
Hb, hemoglobin; HCT, hematocrit; Crea, creatinine; ALB, albumin; BUN, blood urea nitrogen; TBil, total
bilirubin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GLU, Glucose; PT, prothrombin
time; INR, international normalized ratio; K, serum potassium; Na, serum sodium; TCa, serum total calcium;
AG, anion gap; LAC, lactate; LOS ICU, length of ICU stay; ACM, all-cause mortality.

compared to AG, ALB, SIRS and SOFA. For example, compared with AG [0.81 (95% CI: 0.66-0.96)], ALB [0.66
(95% CI: 0.52-0.81)], and SIRS [0.63 (95% CI: 0.50-0.76)] and SOFA [0.73 (95% CI: 0.59-0.88)], the AUC values
for ACAG on day 3 of admission were significantly higher [0.84 (95% CI: 0.70-0.97)]. Compared with AG [0.70
(95% CI: 0.62-0.74)], ALB [0.61 (95% CI: 0.55-0.68)], and SIRS [0.53 (95% CI: 0.47-0.58)] and SOFA [0.65 (95%
CI: 0.59-0.71)], the AUC values for ACAG on day 90 of admission were still significantly higher [0.72 (95% CI:
0.67-0.78)]. These are two examples; additional details can be found in Table 4.

Subgroup analyses for ACAG on clinical outcomes in patients with AP

Subgroup analyses were performed to evaluate whether ACAG differed significantly among the different
subgroups. Figure 5 illustrates the association between ACAG and ACM in AP patients in different subgroups.
After stratification according to age, sex, hypertension, diabetes, sepsis, and RE the forest plots showed no
significant interactions between ACAG and any subgroup (P>0.05 for all interactions).

Discussion

In this study, we explored the correlation between ACAG and prognosis at different stages of AP. Our results
demonstrated that when ACAG >21.5, short- and long-term ACM was higher in patients with AP than in those
with ACAG<21.5. Our results also indicated that ACAG was a comparable predictor of short- and long-term
ACM in patients with AP, and its predictive ability was superior to that of AG, ALB, SIRS, and SOFA.

Acid-base balance is the cornerstone of life, and severe acid-base and electrolyte disorders can lead to organ
damage and metabolic system failure!>-!6. AP is the abnormal activation of pancreatic enzymes caused by a
variety of etiological factors, resulting in auto-digestion, edema, hemorrhage, and even necrosis of the pancreatic
tissue!®. It is characterized by rapid onset and progression, and if not treated promptly and effectively, it can
lead to pancreatic necrosis, septic shock, gastrointestinal hemorrhage, and multi-organ failure!”. Patients with
AP hospitalized in the ICU usually have electrolyte and acid-base imbalances!”. Activation of the inflammatory
response and recruitment of inflammatory cells often result in tissue damage in patients, while ALB promotes
the production of anti-inflammatory substances (e.g., lipotoxins, hemolysins, and protective proteins) and
promotes tissue healing; therefore, this process requires a large amount of ALB, which is the main reason for
the decrease in ALB in patients with AP', In addition, other factors, such as decreased appetite and fasting
due to gastrointestinal symptoms, further reduce ALB levels by limiting nutritional intake!”!8. Elevated levels
of inflammatory cytokines, common in AP, also play a role in decreasing ALB through increased capillary
permeability and subsequent albumin redistribution into the interstitial space'®. Therefore, The decrease in ALB
in AP patients is a result of multiple factors.

AG is an important biomarker for assessing acid-base balance in the body and has been linked to adverse
prognoses in numerous diseases'®2l. Xu et al. reported a linear correlation between AG and 28-day ICU
mortality in patients with diastolic heart failure!”. Chen et al. discovered that among patients who experienced
cardiac arrest, those with a higher AG were significantly less likely to survive hospitalization®. Jiang et al.
similarly found that patients with sepsis-associated AKI faced a heightened risk of mortality within 28 days
of ICU admission when AG>14 mmol/L*. Gong et al. also identified a nonlinear correlation between AG
and 90-day ACM in patients with AKI, as 90-day ACM positively correlated with AG when AG>13.8 mmol/
L?2. However, AG is primarily composed of ALB, lactate, sulfate, phosphate, and other ions, and ALB has a net
negative charge, which undoubtedly contributes to errors in AG assessment’. In addition, it is common for
ALB levels to drop dramatically in critically ill patients, and low ALB levels lead to false-negative AG values
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Model 1 Model 2 Model 3

HR (95% CI) Pvalue | HR (95% CI) Pvalue | HR (95% CI) Pvalue
3-day ACM
ACAG (continuous) | 1.15(1.10-1.21) <0.001 | 1.34(1.23-1.48) <0.001 | 1.38(1.16-1.63) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 16.75 (4.77-58.78) | <0.001 | 18.95 (5.37-66.81) | <0.001 | 10.17 (1.82-56.95) | <0.001
7-day ACM
ACAG (continuous) | 1.14 (1.10-1.19) <0.001 |1.26(1.17-1.34) <0.001 |1.25(1.14-1.37) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 12.59 (5.03-31.52) | <0.001 | 13.75(5.45-34.64) | <0.001 | 8.33 (2.77-25.06) | <0.001
10-day ACM
ACAG (continuous) | 1.14 (1.10-1.18) <0.001 |1.24(1.17-1.31) <0.001 | 1.21(1.13-1.30) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 11.95 (5.82-24.53) | <0.001 | 12.64 (6.12-26.10) | <0.001 | 8.70 (3.71-20.43) <0.001
14-day ACM
ACAG (continuous) |1.14 (1.11-1.17) <0.001 | 1.22(1.16-1.28) <0.001 | 1.18(1.11-1.26) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 9.95 (5.43-18.22) | <0.001 |10.97 (5.95-20.24) | <0.001 | 6.96 (3.40-14.25) | <0.001
28-day ACM
ACAG (continuous) | 1.14 (1.11-1.17) | <0.001 |1.21(1.16-1.26) | <0.001 |1.18(1.12-1.23) | <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 8.57 (5.32-13.79) | <0.001 |9.65(5.96-15.64) | <0.001 |5.10(2.90-8.98) <0.001
90-day ACM
ACAG (continuous) | 1.12 (1.10-1.15) <0.001 |1.16(1.12-1.20) <0.001 |1.13(1.08-1.17) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 4.65 (3.22-6.71) <0.001 |5.26(3.62-7.64) <0.001 |3.08(1.98-4.78) <0.001
180-day ACM
ACAG (continuous) | 1.12 (1.09-1.14) <0.001 | 1.15(1.12-1.18) <0.001 | 1.12(1.08-1.16) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 4.26 (3.00-6.03) <0.001 |4.77 (3.35-6.80) <0.001 |2.92(1.93-4.43) <0.001
1-year ACM
ACAG (continuous) | 1.12 (1.09-1.14) <0.001 | 1.14(1.11-1.18) <0.001 | 1.12(1.08-1.16) <0.001
Lower ACAG Reference Reference Reference
Higher ACAG 4.06 (2.92-5.65) <0.001 |4.44(3.17-6.21) <0.001 |2.86(1.94-4.22) <0.001

Table 3. Cox proportional hazard ratios (HR) for ACM in patients with AP. Model 1: Unadjusted;. Model 2:
Adjusted age, gender, and ethnicity;. Model 3: Adjusted age, gender, ethnicity, AKI, sepsis, RE, vasopressin,
CRRT, SBP, PLT, ALB, Crea, BUN, K, and LAC.

and affect the interpretation of results?>. Kraut et al. calculated that each 1 g/dL change in ALB resulted in a
2.3-2.5-mmol/L change in AG?*. As a result, an increasing number of researchers recommend the use of ACAG
to assess disease severity in critically ill patients.

Compared to AG, ACAG is more accurate in detecting hidden tissue anions, identifying acidosis in critically
ill patients, and partially reflecting the patients’ nutritional status®. In a study investigating the correlation
between ACAG and in-hospital mortality among patients with sepsis, Hu et al. assessed the prognostic values
of ALB, AG, and ACAG by plotting ROC curves'?. Their investigation suggested that ACAG outperformed AG
and ALB in predicting in-hospital mortality among this patient cohort. In another study, Wang et al. found that
ACAG served as a significant independent predictor of 30-day mortality among patients with asthma undergoing
intensive care treatment'!. The AUC for ACAG was 0.703, surpassing that for AG (0.642), suggesting that ACAG
is a better predictor of 30-day mortality in this population. Jian et al. also noted a significant increase in 30-day
ACM in patients with acute myocardial infarction when ACAG 221.75 mmol/L*. Moreover, our results likewise
demonstrated that ACM was significantly increased in AP patients with elevated ACAG levels.

More importantly, our study further illustrated the efficacy of ACAG in predicting the short- and long-term
prognosis of patients with AP, which is consistent with the results observed in other diseases?®?’. ACAG holds
considerable promise as a clinically valuable tool as it mirrors tissue perfusion and offers more precise outcomes
compared to directly measured AG values. Compared with traditional scoring criteria, ACAG is an easy-to-use
and cost-effective serum biomarker for identifying the severity of AP in a short period of time and for early
intervention and treatment of critically ill patients, which will improve the prognosis of patients.

Our study has several advantages. First, employed a robust sample size and utilized data from the MIMIC-IV
database, representing a comprehensive, real-world investigation characterized by high-quality data. Second,
the primary endpoints of this study were 3-, 7-, 10-, 14-, 28-, 90-, and 180-day, and 1-year ACM in patients with
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Fig. 3. Kaplan-Meier survival analysis curves for 3-day (A), 7-day (B), 10-day (C), 14-day (D), 28-day (E),
90-day (F), 180-day (G), and 1-year (H) all-cause mortality in patients with acute pancreatitis admitted to the
intensive care unit.
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Fig. 4. Receiver operating characteristic curves for predicting 3-day, 7-day, 10-day, 14-day, 28-day, 90-day,
180-day, and 1-year all-cause mortality in patients with acute pancreatitis admitted to the intensive care unit.

AP, which had significant predictive value at different stages of the disease. Moreover, subgroup analyses were
conducted to illustrate the robustness of our findings.

However, our study also has some limitations that should be considered. First, this was a single-center
retrospective study, and multicenter studies are necessary to confirm our conclusions in future. Second, the
demographic data for our study were obtained from the MIMIC-IV (v2.2), which covers patients hospitalized
between 2008 and 2019. However, such a broad time period does not guarantee consistency in the treatment
regimens for patients with AP as medical care evolves and treatment protocols advance. Therefore, inconsistencies
in treatment regimens may have affected the study results. In addition, owing to the limitations of the MIMIC-
IV database itself, we were unable to obtain the specific cause of death for each patient, and therefore could not
determine the relationship between ACAG and AP-specific mortality. And, this finding needs to be confirmed by
future studies. Finally, this study excluded patients younger than 18 years; therefore, further research is needed
to determine whether the results are applicable to this group of patients.
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Variables AUC | 95% CI | Threshold | Sensitivity | Septicity
3-day ACM

ACAG 0.84 |0.70-0.97 | 22.62 0.85 0.81
AG 0.81 |0.66-0.96 | 16.50 0.75 0.88
ALB 0.66 |0.52-0.81 | 2.65 0.67 0.69
SIRS 0.63 |0.50-0.76 | 3.50 0.68 0.56
SOFA 0.73 ]0.59-0.88 | 2.50 0.69 0.75
7-day ACM

ACAG 0.80 |0.69-0.92 | 21.62 0.82 0.76
AG 0.79 ]0.67-0.91 | 16.50 0.76 0.80
ALB 0.59 |0.56-0.73 | 2.55 0.72 0.52
SIRS 0.60 |0.50-0.70 | 3.50 0.68 0.48
SOFA 0.73 ]0.62-0.85 | 2.50 0.70 0.76
10-day ACM

ACAG 0.80 |0.72-0.89 | 21.38 0.82 0.74
AG 0.78 |0.68-0.87 | 17.50 0.81 0.74
ALB 0.59 |0.49-0.69 | 2.55 0.72 0.46
SIRS 0.58 |0.49-0.66 | 3.50 0.68 0.44
SOFA 0.65 |0.55-0.76 | 2.50 0.70 0.62
14-day ACM

ACAG 0.80 |0.72-0.87 | 21.38 0.83 0.70
AG 0.76 | 0.68-0.84 | 16.50 0.77 0.72
ALB 0.61 |0.52-0.70 | 2.55 0.73 0.48
SIRS 0.58 |0.51-0.66 | 3.50 0.69 0.44
SOFA 0.62 |0.53-0.70 | 2.50 0.70 0.52
28-day ACM

ACAG 0.80 |0.75-0.86 | 20.12 0.79 0.76
AG 0.77 1 0.70-0.83 | 16.50 0.79 0.68
ALB 0.62 |0.54-0.69 | 2.55 0.88 0.35
SIRS 0.55 |0.49-0.62 | 2.50 0.23 0.84
SOFA 0.65 |0.58-0.72 | 4.50 0.88 0.36
90-day ACM

ACAG 0.72 | 0.67-0.78 | 20.12 0.79 0.59
AG 0.70 | 0.62-0.74 | 16.50 0.80 0.53
ALB 0.61 |0.55-0.68 | 2.25 0.89 0.32
SIRS 0.53 |0.47-0.58 | 2.50 0.24 0.83
SOFA 0.65 |0.59-0.71 | 1.50 0.63 0.62
180-day ACM

ACAG 0.70 | 0.64-0.76 | 20.12 0.79 0.56
AG 0.66 |0.60-0.72 | 16.50 0.80 0.51
ALB 0.60 |0.54-0.66 | 2.25 0.75 0.44
SIRS 0.53 |0.48-0.58 | 2.50 0.24 0.84
SOFA 0.65 |0.59-0.70 | 1.50 0.64 0.60
1-year ACM

ACAG 0.69 |0.64-0.74 | 20.12 0.80 0.53
AG 0.65 |0.60-0.71 | 16.50 0.80 0.49
ALB 0.59 |0.54-0.65 | 2.25 0.76 0.43
SIRS 0.52 |0.47-0.56 | 2.50 0.24 0.83
SOFA 0.63 |0.58-0.69 | 1.50 0.64 0.58

Table 4. Information of ROC curves in Fig. 4. ROC, receiver operating characteristic; AUC, area under the
curve; CI, confidence interval; ACAG, albumin-corrected anion gap; AG, anion gap; ALB; albumin, SIRS,
Systemic Inﬂammatory Response Syndrome score; SOFA, Sequential Organ Failure Assessment score; ACM,
all-cause mortality.
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Fig. 5. Forest plots of subgroup analyses of the relationship between 7-day, 14-day, 28-day, 90-day, 180-day,
and 1-year all-cause mortality and ACAG in patients with acute pancreatitis admitted to the intensive care unit.

Conclusions

Our study revealed an association between elevated ACAG levels and increased short- and long-term ACM in
patients with AP. Moreover, ACAG can be used as an independent predictor of short- and long-term ACM in
patients with AP, and its prognostic effect is superior to that of the AG, ALB, SIRS, and SOFA alone.
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