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Atherogenic index of plasma as a novel @
predictor for acute kidney injury and disease
severity in acute pancreatitis: a retrospective
cohort study

Wen Wu'>34T Yiming Li"?", Yupei Zhang®*, Xing Chen**, Chunzhen Zhang**, Xingguang Qu**, Zhaohui Zhang**,
Rong Zhang**" and Zhiyong Peng'*"

Abstract

Background The atherogenic index of plasma (AIP) can be used to reveal atherosclerosis. This study evaluated the
AlP’s efficacy in predicting the prognosis of acute kidney injury (AKI) and severity of acute pancreatitis (AP).

Methods This retrospective cohort study recruited AP cases from the First College of Clinical Medical Science of
China Three Gorges University between January 2019 and October 2023, including 1470 patients. AIP was computed
using the formula: log10 [serum triglyceride (mmol/L)/serum high-density lipoprotein cholesterol (mmol/L)]. The
AIP relationships with AKI occurrence and AP severity were validated using multivariable logistic regression models,
subgroup and sensitivity analyses, and curve fitting.

Results Among the 1470 patients with AP, 250 (17%) developed AKl and 166 (11.3%) with severe AP. AIP was
positively correlated with AKI and the severity of AP. Potential confounders were adjusted, consequently, AIP was
positively linearly related to AKI (P for non-linearity: 0.731, OR 2.5,95% Cl 1.31-4.77,) and the severity of AP (P for non-
linearity: 0.145, OR 3.1, 95% Cl 1.53-6.27), respectively. The strength of the association between AIP and AKI, along
with the severity of AP, was demonstrated through stratified analyses. Significant interactions were not observed in
sex, age, hypertension, BMI, diabetes mellitus, SOFA score, BISAP score, and etiology of AP (all P for interaction > 0.05).
The areas under the curves for AIP in predicting the incidence of AKI and severity of AP were 0.64 and 0.65,
respectively.
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Conclusions This is the first study to suggest that the AIP is critical for the assessment of AKI risk, recommending
early screening of severity among AP cases. Due to the observational nature of the study, the potential for residual
confounding, and the need for external validation in larger, independent cohorts.
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Introduction

Acute pancreatitis (AP) indicates acute inflammatory
conditions with localized pancreatic injury, affecting sur-
rounding tissues or resulting in systemic inflammation by
the activation of cytokine cascades [1]. More than 50% of
AP cases have a minor, self-limiting process. However,
severe acute pancreatitis (SAP) characterized by con-
tinuous organ dysfunction may develop fatal complica-
tions, with a mortality rate of up to 30% [2]. Moreover,
acute kidney injury (AKI) related to AP demonstrates an
incidence of 10-42% [3], contributing to multiple organ
failure, which is a leading cause of death. Therefore, high-
risk patients for AKI and SAP must be determined in a
timely manner to assess the appropriate primary care
level required for effective patient management.

Insulin resistance (IR) is the critical characteristic of
type 2 diabetes mellitus (T2DM), significantly contrib-
uting to AKI [4]. IR induces the inflammatory process,
dyslipidemia, and vascular endothelial dysfunction, as
suggested by pathophysiological studies, probably driving
the progression of SAP and AKI [4].

Atherogenic index of plasma (AIP), proposed in 2001
by Dobidsova and Frohlich [5]. a logarithmically trans-
formed triglyceride (TG)-to-high-density lipoprotein
cholesterol (HDL-C) ratio, is a novel and superior lipid
marker that has recently emerged. Some articles recently
have analyzed the relationship of AP with dyslipidemia.
Metabolic syndrome and morbid obesity demonstrate
an increased risk of moderately severe acute pancreati-
tis and SAP [6]. AIDP, as the integrative lipid marker, is a
reliable indicator of inflammation and disrupted lipid
metabolism [7].

Therefore, this study investigates the relationship
between AIP and the incidence of AKI and the severity of
AP, offering insights for early risk assessment and man-
agement strategies in this population.

Materials and methods

Ethical statements

This observational, retrospective cohort study was con-
ducted at the Yichang Central People’s Hospital, the
First College of Clinical Medical Science of China Three
Gorges University. The study followed the Declaration
of Helsinki guidelines and was authorized by the Ethics
Committee of Yichang Central People’s Hospital (ethi-
cal approval number: 2023-130-01). Informed consent
was not required owing to the retrospective nature of the
study.

Study population and eligibility criteria

Participants meeting the following criteria were enrolled:
inpatients from the Yichang Central People’s Hospital,
First College of Clinical Medical Science of China Three
Gorges University; and those with AP reporting to the
hospital between January 2019 and October 2023. The
exclusion criteria were as follows: patients with pre-exist-
ing AKI or SAP at the time of admission; those aged <18
or >80 years; women who were pregnant or breastfeed-
ing; those with a hospital stay of <2 days; patients with
chronic kidney disease; those with cancer; those who
developed chronic pancreatitis; those who underwent
nephrectomy or renal transplantation; and those lacking
essential data required for our analysis, such as TG and
HDL-C. Figure 1 illustrates the study design and review
process.

Definitions and laboratory test results

Definition of AIP

The AIP was computed using the following formula:
log10 (TG [mmol/L]/HDL-C [mmol/L]) [8].

AP diagnosis and severity classification

The AP diagnosis was made according to 2 or 3 charac-
teristics below [9]: (1) specific abdominal pain, (2) serum
amylase and/or lipase thrice the upper normal limit, and
(3) radiological observations. AP severity could be cat-
egorized into mild (no organ failure and local/systemic
complications), moderate (transient organ failure resolv-
ing in 48 h and local/systemic complications), and severe
(continuous organ failure) according to revised Atlanta
2012 criteria [9].

AKl diagnosis and classification

AKI diagnosis was made according to the Kidney Dis-
ease: Improving Global Outcomes guidelines for clini-
cal practice of AKI (2012) [10], including the following
features: the elevated serum creatinine (CREA) con-
tent>0.3 mg/dL (>26.5umol/L) in 48 h, the elevated
serum CREA content by >1.5 folds the baseline level in
7 days, or urine volume lasting more than 6 h and being
less than 0.5 mg/kg/h. Additionally, basic serum CREA
content was the minimum serum CREA content detected
in 48 h before hospital admission. Serum CREA content
during the initial detection in 48 h post-hospital admis-
sion was deemed as basic serum CREA content when
serum CREA content was not detected.
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3601 Participants extracted from
database between 2019 and 2023

49 Excluded AKI or SAP present at

A

admission

3552 Participants were screened

1321 Excluded
170 Age < 18 or >80 years

21  Pregnancy
1130 Length of hospital stays < 2days

2231 Participants were included

761 Excluded

284 With Chronic pancreatitis

| 1470 Available for analysis

393  With malignant tumor
10 History of renal transplantation
or nephrectomy
44 With Chronic kidney disease
30 With unavailable laboratory data

| 1220 withoutAKI | |

250 with AKI |

Fig. 1 Flowchart of the screening and enrollment of the study participants. AKI: acute kidney injury; SAP: severe acute pancreatitis

Data source

General data such as age; sex; body mass index (BMI);
history of hypertension, diabetes mellitus (DM), and cor-
onary heart disease (CHD); the length of hospital stays;
heart rate (HR); respiratory rate (RR); pulse oxygen satu-
ration (SpO,); systolic blood pressure (SBP); the necessity
of blood transfusion, mechanical ventilation, and con-
tinuous renal replacement treatment (CRRT); sequen-
tial organ failure assessment (SOFA) score; and Bedside
Index of Severity in Acute Pancreatitis (BISAP) score in
24 h post-admission were extracted. Blood routine fac-
tors such as hemoglobin (HGB) level, hematocrit (HCT),
and white blood cell count were also extracted. Bio-
chemical factors such as fasting plasma glucose (FPG),
albumin (ALB), serum CREA, calcium ion level (Ca2*),
sodium ion level (Na*), C-reactive protein (CRP), aspar-
tate aminotransferase, serum amylase (AMY), triglycer-
ide (TG), and procalcitonin (PCT) were collected. The
first blood sample collected within 4 h of hospital admis-
sion was used for laboratory analyses. The severity of
AP was assessed using the BISAP score, harmless acute
pancreatitis score (HAPS) [11], and SOFA score [12]. The
endpoint was AP-induced AKI and AP severity during
hospital stays.

Statistical analysis
The median and interquartile range (IQR), including 25th
(Q25) and 75th (Q75) percentiles were used to represent

continuous data. Normally distributed continuous data
were examined using a one-way analysis of variance,
while non-normally distributed data were explored using
the Kruskal-Wallis H test. Additionally, categorical coun-
terparts were specified by frequencies or percentages and
compared using Chi-square and Fisher’s exact tests.
Patients were classified according to AIP levels in ter-
tiles (AIP<0.03, 0.03<AIP<1.05, AIP>1.05). Subse-
quently, the association of AIP levels with AKI and AP
severity was assessed using smooth curve fitting and mul-
tivariablelogistic regression. The models that were not
adjusted or adjusted for multiple variables were assessed
simultaneously based on the Strengthening the Report-
ing of Observational Studies statement [13]. When the
variables satisfied P<0.1 using univariable regression, or
if model covariable introduction or elimination modified
the odds ratio (OR) by >10%, covariable adjustment was
performed. Three models including model 1 (with adjust-
ment of sex, age, and BMI); model 2 (with adjustment of
sex, age, BMI, hypertension, DM, CHD, chronic obstruc-
tive pulmonary disease (COPD), SBP, DBP, HR, temper-
ature, RR, and SpO,); and model 3 (with adjustment of
WBC, CRP, PCT, AMY, Na*, Ca®*, CREA, CHOL, BISAP
score, HAPS, SOFA score, and etiology based on model
2) were used. The baseline factors with clinical relevance
or effect estimate change of >10% were selected as con-
founders. A smooth curve using the restricted cubic
spline method was created and subsequently adjusted



Wu et al. Lipids in Health and Disease (2025) 24:111

based on the covariable from model 3. Following this,
the absent values were filled using a multiple imputa-
tion approach [14]. Descriptive analysis only reports the
observed data, whereas regression models incorporate
the estimated data. Subgroup homogeneity was assessed
for further exploratory analysis using the stratified logis-
tic regression model considering sex, age, BMI, diabetes,
SOFA score, BISAP score and etiology of AP. Lastly, like-
lihood ratio tests were conducted to examine relations
among AIP levels with AKI and AP severity of the sub-
groups. An ROC curve was plotted to evaluate the per-
formance of AIP and other indicators like SOFA, BISAP,
and HAPS in predicting AKI and the severity of AP. This
evaluation was done by calculating the area under the
curve and determining the optimal threshold.

Statistical analysis was performed using Free Statistics
software (version 1.9), a statistical tool built on R (http://
www.R-project.org, The R Foundation). Statistical signific
ance was set at P<0.05 (two-sided).

Results

Basic and clinical data of participants

A total of 1470 qualified patients were included. All
patients had a median age of 53.0 (41.0, 65.0) years, con-
sisting of 53.7% men and 46.3% women. Table 1 presents
the basic patient features based on the AIP tertile. The
patients of the Q3 group demonstrated an increased inci-
dence of AKI and SAP; and greater BMI, FPG, TG, the
demand for mechanical ventilation, CRRT, and transfu-
sion levels.

This study comprised 1470 cases, including 250 (17.0%)
with developing AKI. Those included AP cases were then
classified into AKI (n=250) or non-AKI group (n=1220)
based on whether they developed AKI or not. The AKI
measurement was conducted during a follow-up period
of up to 7 days, with a median follow-up time of 3.1 (1.1-
5.2) days.

Among the enrolled population, 166 (11.3%) pro-
gressed to SAP. Based on severity, the population was
divided into mild and moderate AP (7 =1304) and severe
AP (n=166), with a median follow-up time for severity
assessment of 4.2 (2.0-6.4) days. There was no between-
group difference in the history of DM, COPD, HGB, and
HCT (P>0.05). In contrast, the history of CHD, HR; the
necessity of blood transfusion, mechanical ventilation,
and CRRT; WBC; PCT; CRP; ALB; FPG; TG; and CREA
exhibited significant differences (P<0.05) (Table 2).

Multivariable analyses on the AIP level with AKI and the
severity of AP

Using the multivariable logistic regression, relative to the
AIP reference tertile (T1<0.03), the adjusted ORs for T2
(0.03-1.05) and T3 (=1.05) were determined to be 1.27
(95% CI 0.71-2.25, P=0.419) and 2.5 (95% CI 1.31-4.77,
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P=0.005), respectively, after adjusting for covariables
related to the higher incidence of AKI (Table 3).

Meanwhile, using the same method, relative to the
AIP reference tertile (T1<0.03), the adjusted ORs for
T2 (0.03-1.05) and T3 (=1.05) were found to be 1.44
(95% CI 0.75-2.78, P=0.277) and 3.1 (95% CI 1.53-6.27,
P=0.002), respectively, which were related to the higher
severity of AP (Table 3). Mild and moderate acute pan-
creatitis are grouped into one category.

Dose-response relationship between AIP level with AKI
and AP severity

The linear relations of AIP with AKI and AP severity were
detected, when covariables from model 3 were adjusted,
exhibiting a dose-response relationship in the restricted
cubic spline (RCS) model (P for non-linearity=0.731 and
0.145, respectively) (Fig. 2A + 2B).

Subgroup analysis

To evaluate whether the results were robust, this study
conducted sensitivity analyses. We primarily focused on
patients with BMI <25 kg/m? (Table S1), and found that
AIP was strongly correlated with the risk of AKI although
the remaining variables were considered (OR 1.31, 95%
CI 1.06-1.62). In addition, sensitivity analysis was con-
ducted among non-DM patients. Consequently, AIP was
still positively related to the incidence of AKI, though
the remaining variables were adjusted (OR 1.33, 95% CI
1.08-1.64).

Simultaneously, after accounting for other variables, it
was determined that AIP exhibited a strong relation to
AP severity among participants with BMI< 25 kg/m® and
non-diabetes using the same method (Table S1). Addi-
tionally, a sensitivity analysis was conducted on popu-
lations classified by different etiologies, and the results
indicated that this study’s findings remain robust.

Moreover, to determine the association of the unmea-
sured confounder with AKI incidence and AP severity
the E-value was estimated using the results of model 3.
The estimates of the E-value point were 1.63 for the posi-
tive association of AIP with the incidence of AKI and 2.56
for AP severity. Moreover, the unmeasured confounders
might not have markedly influenced the finding strength
compared to past research. The study findings remain
robust after various sensitivity analyses.

Subgroup analyses were performed to explore the pos-
sible factors influencing the relation of AIP level with
AKI and AP severity. Sex (female vs. male), age (<65 vs.
>65 years), BMI (<25 vs. 225 kg/m?), diabetes (yes vs.
no), SOFA score (<5 vs. =5), BISAP score (<3 vs. >3) and
etiology of AP [biliary vs. hyperlipidemic vs. other (alco-
holic and others)] were selected to be the stratification
variables. From Fig. 3, these confounders did not affect
the relationship between AIP level with AKI (Fig. 3A) and
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Table 1 Baseline characteristics of included patients grouped using tertile of AIP
Characteristics AIP Pvalue

Total T1 T2 T3

(N=1470) (N=490) (N=490) (N=490)

<0.03 0.03-1.05 =>1.05
Male 790 (53.7) 193 (39.2) 277 320 (65.3) <0.001
(56.5)

Age (years) 53.0(41.0,65.0) 59.0 (50.0, 69.0) 56.0 (44.0,67.0) 46.0 (37.0, 55.0) <0.001
BMI (kg/m?) 24.2(21.7,26.7) 23.0(20.8,25.6) 24.1 (21.6,26.5) 254(22.7,283) <0.001
Death 23 (1.6) 3(0.6) 8(1.6) 12 (2.4) 0.068
ICU 240 (16.3) 44 (8.9) 73(14.9) 123 (25.1) <0.001
LOS(d) 16.6+12.7 159+90 17.5+145 166+139 0.130
Hypertension 370(25.2) 121 (24.7) 131 (26.7) 118(24.1) 0.535
DM 203 (13.8) 28 (5.7) 51(10.5) 124 (25.3) <0.001
CHD 88 (6.0) 39 (8.0) 39 (8.0) 10 (2.0) <0.001
COPD 54 (3.7) 27 (5.5) 15 (3.1) 12 (2.5) 0.013
SBP (mmHg) 129.0 (117.0, 143.0) 126.0 (115.0, 140.0) 129.0(116.8,141.0) 131.0(119.0, 148.0) 0.001
DBP (mmHg) 80.0 (72.0,90.0) 79.0 (70.0, 86.0) 80.0 (71.0, 89.0) 84.0 (76.0,97.0) <0.001
HR (bpm) 80.0(72.0,93.0) 78.0(70.0, 87.0) 80.0(72.0,90.0) 86.0 (76.0,103.0) <0.001
Temperature (degree C) 36.5 (364, 36.7) 36.5 (36.4,36.6) 36.5(36.4,36.7) 36.5(36.4,36.7) 0.024
RR (bpm) 20.0 (19.0, 20.0) 20.0 (18.0,20.0) 20.0 (19.0, 20.0) 20.0(19.0,21.0) <0.001
SpO, (%) 99.0 (97.0,100.0) 99.0 (98.0, 100.0) 99.0 (97.0, 100.0) 99.0 (97.0, 100.0) 0.231
Mechanical ventilation 150 (10.4) 25 (5) 44 (8.9) 81(16.5) <0.001
Transfusion 148 (10.0) 20(4.1) 42 (8.6) 86 (17.6) <0.001
CRRT 90 (6.1) 6(1.2) 26 (5.4) 58(12.0) <0.001
WBC (x1019/L) 9.8 (6.6, 13.6) 84 (5.7,12.1) 9.6 (6.6, 13.5) 11.2(8.1,14.7) <0.001
HGB (g/L) 129.0 (114.0,145.0) 126.0(113.0,136.0) 127.0(111.8,143.0) 138.0(118.0, 155.0) <0.001
HCT (%) 385(345,42.7) 37.8(34.4,409) 384 (34.0,42.6) 40.1 (35.2,44.0) <0.001
PCT (ng/ml) 0.2 (0.1,0.9) 0.2 (0.1,0.6) 0.2(0.1,0.8) 0.2 (0.1,1.1) 0.145
CRP (mg/L) 37.1(6.6,134.7) 194 (5.0,82.7) 422 (6.6, 140.3) 69.1(10.3,191.0) <0.001
AST (U/L) 41.0(23.0,139.5) 90.0 (29.0, 255.0) 40.0(22.0,136.2) 29.0(21.0,58.0) <0.001
ALT (U/L) 46.0 (22.0, 153.0) 113.0(33.0,271.0) 47.0(22.0,161.0) 28.5(19.0,54.0) <0.001
ALB (g/dl) 384(336,424) 38.9(354,41.8) 37.5(327,41.8) 394 (32.8,43.5) 0.006
FPG (mmol/L) 6.7 (5.3,9.1) 6.0(5.0,7.3) 6.4(5.2,8.1) 86(6.2,13.3) <0.001
AMY (U/L) 167.5 (67.0,699.8) 348.0(87.0,1107.0) 134.0 (63.8,617.0) 127.0(61.0,319.0) <0.001
TG (mmol/L) 1.5(1.0,3.6) 09(0.7,1.1) 1.6(1.2,2.1) 64(32,133) <0.001
HDL (mmol/L) 1.1(0.8,1.5) 1.5(1.3,1.8) 1.0(0.8,1.3) 0.8(06,1.1) <0.001
CHOL (mmol/L) 46(3.7,59) 43(36,5.1) 44 (3.5,54) 5.8(4.3,85) <0.001
Na (mmol/L) 139.6 (136.7,141.8) 140.5 (138.5,142.4) 140.0 (137.6,141.9) 137.3(134.1,140.3) <0.001
Ca (mmol/L) 2.2(20,24) 2.2(2.1,23) 2.2(2.0,23) 2.2(2.0,24) 0.141
CREA (umol/L) 75.0(61.1,89.0) 71.0(61.0,85.0) 75.1(61.0,88.0) 78.0 (64.0,93.0) <0.001
AKI 250 (17.0) 47 (9.5) 76 (15.5) 127 (25.9) <0.001
SOFA (score) 2.0(1.0,4.0) 20(1.0,3.0) 20(1.0,4.0) 2.0(1.0,4.0) 0.237
Etiology <0.001
biliary 988 (67.2) 463 (94.7) 374 (76.4) 151 (30.9)
hyperlipidemic 344 (234) 8(1.6) 67 (13.7) 269 (54.9)
alcoholic 50 (3.4) 5(M 18 (3.6) 27(5.5)
others 88 (6.0) 14 (2.8) 31(6.3) 43 (8.7)
Severity nan nan nan nan <0.001
mild and moderate 1304 (88.7) 464 (94.7) 444 (90.7) 396 (80.8)
severe 166 (11.3) 26 (5.3) 46 (9.3) 94 (19.2)
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Table 1 (continued)
Characteristics AIP Pvalue

Total T1 T2 T3

(N=1470) (N=490) (N=490) (N=490)

<0.03 0.03-1.05 >1.05

BISAP (score) 1.0(0.0,2.0) 1.0(0.0,2.0) 1.0(0.0,20) 1.0(0.0,2.0) 0.352
HAPS 0.0(0.0,1.0) 0.0(0.0,1.0) 0.0(0.0,1.0) 1.0(0.0,1.0) <0.001

Data are numbers (N) and percentages (%), or mean (SD), medians (IQR, 25th-75th percentile)

BMI: body mass index; LOS: length of hospital stay; d: days; DM: diabetes mellitus; CHD: coronary heart disease; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HR: heart rate; RR: respiratory rate; SpO,: pulse oxygen saturation; Mechanical ventilation: noninvasive or invasive mechanical ventilation; Transfusion:
blood transfusion; CRRT: continuous renal replacement treatment; WBC: white blood cell count; HGB: hemoglobin; HCT: hematocrit; PCT: procalcitonin; CRP:
C-reactive protein; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALB: albumin; FPG: fasting plasma glucose; AMY: serum amylase; TG: triglyceride;
HDL: high-density lipoprotein; CHOL: total cholesterol; Na: sodium; Ca: calcium; CREA: creatinine; AKI: Acute kidney injury; SOFA: sequential organ failure assessment
score; BISAP: Bedside Index of Severity in Acute Pancreatitis score; HAPS: harmless acute pancreatitis score; AIP: atherogenic index of plasma; IQR: interquartile

range; P<0.05 was considered statistically significant

AP severity (Fig. 3B) (all P>0.05). The resulting strength
was verified using subgroup analyses.

ROC analysis

ROC analysis (Table S2 and Fig. 4) assessed AIP’s poten-
tial for predicting AKI, resulting in an AUC of 0.64 (95%
CI 0.60-0.67), with sensitivity and specificity of 54.26%
and 69.65%, respectively. In comparison, the AUCs
for SOFA, BISAP, and HAPS were 0.75, 0.69, and 0.69,
respectively.

Similarly, to evaluate AIP’s ability to predict AP sever-
ity, another ROC curve was plotted (Table S2 and Fig. 4),
yielding an AUC of 0.65 (95% CI 0.61-0.70), with sensi-
tivity and specificity of 60.82% and 66.34%, respectively.
The AUCs for SOFA, BISAP, and HAPS were 0.81, 0.73,
and 0.71, respectively.

Additionally, ROC curve analyses were performed for
the biliary and hyperlipidemic pancreatitis cohorts (Table
S3, Fig. S1 and Fig. S2). The AUC for predicting AKI and
the severity of AP in the biliary pancreatitis group were
0.63 and 0.65, respectively. In contrast, the AUC values
for the hyperlipidemic pancreatitis group were 0.60 for
AKI prediction and 0.59 for AP severity.

Discussion

This study analyzed 1,470 patients with AP to explore
the relationship of AIP with the incidence of AKI and
the severity of AP among the Chinese population. Con-
sequently, AIP independently predicted the risk, exhib-
iting linear dose-response relationships with both AKI
and AP severity. The robustness of these associations was
further supported by the comprehensive sensitivity and
subgroup analyses, consistently highlighting the positive
association between AIP and the occurrence of AKI and
the severity of AP. While the AUCs may appear mod-
est, the high sensitivity and operational simplicity of AIP
make it particularly suitable for early triage in resource-
constrained settings. AIP is a promising noninvasive pre-
dictive tool to evaluate the risk of AKI and AP severity,

proposing potential clinical utility for early risk stratifica-
tion and management.

The pathophysiology of AKI during AP is still inad-
equately explored. However, a critical pathophysiologic
course is related to the premature activation of pancre-
atic enzymes in the acinar cells. It results in autodiges-
tion of the pancreas and nearby tissues, thus promoting
the development of AKI. The activated proteases and
enzymes are released in the systemic circulation, lead-
ing to damage to the endothelium, resulting in the
extravasation of fluid out of vascular space, hypotension,
hypovolemia, increased abdominal pressure, hypercoag-
ulability, intense vasoconstriction of kidneys, and depo-
sition of glomerular fibrin [3]. A significant relationship
between AP-AKI and inflammation has been established
[15]. Accumulating evidence suggests that IR exerts an
important effect on the occurrence and progression of
AP-related AKI. For the assessment of IR, the hyperin-
sulinemic-euglycemic glucose clamp approach has been
deemed the gold standard [16]; however, it is generally
impractical owing to its demands for significant time,
labor, expense, and technical expertise. Consequently,
alternative indices such as AIP have emerged as practi-
cal, effective, and reliable methods for the assessment of
IR [17-20]. Significant associations with various health
outcomes have been revealed through AIP studies. Previ-
ous study indicates that AIP is related to the incidence of
undiagnosed diabetes among acute coronary syndrome
cases, particularly for patients with normal weight and
low-density lipoprotein cholesterol content>1.8 mmol/L
[21]. In addition, the J-shaped relationship was observed
in the baseline AIP levels with all-cause mortality among
American adults [22]. Yin et al. found that the AIP dem-
onstrates the inverse L-shaped and J-shaped relationship
with IR and T2DM, respectively, suggesting that AIP
reduction to an optimal level could be crucial in prevent-
ing IR and T2DM [23]. Moreover, Qu et al. highlighted
that the elevation of basic AIP contents markedly corre-
lates with an increased incidence of stroke among mid-
dle-aged and elderly individuals, demonstrating different
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Table 2 Baseline characteristics of included patients grouped using AKI and severity
Variables Total (N=1470) Non-AKI AKI (n=250) P Mild and moder-  Severe AP P
(N=1220) value ateAP(N=1304) (N=166) value
Male 790 (53.7) 623 (51.1) 167 (66.8) <0.001 691 (53) 97 (58.5) 0177
Age (years) 53.0(41.0,65.0) 53.0 (41.0,64.0) 56.0 (44.0, 69.0) 0.002 53.0(41.0,64.5) 56.0 (43.0,69.0) 0.092
BMI (kg/mz) 242 (21.7,26.7) 24.1(21.8,26.7) 24.2(20.8,26.9) 0437 24.2(21.9,26.7) 234(20.2,27.0) 0.038
Death 23(1.6) 6 (0.5) 17 (6.8) <0.001 5(04) 18(10.5) <0.001
ICU 240 (16.3) 111(9.1) 129 (51.6) <0.001 75(5.8) 165 (99.4) <0.001
LOS (d) 16.6+12.7 158+116 20.8+16.5 <0.001 155+104 2534224 <0.001
Hypertension 370 (25.2) 296 (24.2) 74 (29.6) <0001 339(25.2) 52 (31.3) 0.106
DM 203 (13.8) 155 (12.7) 48(19.2) 0059  173(133) 30 (18.1) 0295
CHD 88 (6.0) 75 (6.1) 13(10.0) 0021  71(63) 17 (10.5) 0.04
COPD 54 (3.7) 39(3.2) 5(5.2) 0081 44 (34) 10 (6.0) 0.263
SBP (mmHg) 1290 (117.0, 1300 (119.0,143.0)  123.0(1100,1400) <0001 129.0(1170,1420) 1280(1100, 0561
143.0) 147.5)
DBP (mmHg) 80.0 (72.0,90.0) 80.0 (74.0,90.0) 80.0 (66.0, 89.0) <0.001 80.0(72.0,90.0) 80.0 (70.0,90.0) 0400
HR (bpm) 80.0 (72.0,93.0) 78.0 (72.0,90.0) 90.0 (76.0, 110.0) <0.001 78.0(72.0,90.0) 100.0 (81.5, <0.001
118.0)
Temperature (degree C) 36.5(36.4,36.7) 36.5 (36.4,36.6) 36.5 (364, 36.8) 0.013 36.5(36.4,36.7) 36.6 (36.4,36.7)  0.006
RR (bpm) 20.0(19.0, 20.0) 20.0(19.0,20.0) 20.0(19.0,21.0) 0.009 20.0 (19.0, 20.0) 20.0(19.0,25.00 <0.001
SpO, (%) 99.0 (97.0,1700.0)  99.0 (98.0, 100.0) 98.0 (96.0, 100.0) <0.001 99.0(98.0, 100.0) 97.0(94.0,99.0) <0.001
Mechanical ventilation 150 (10.4) 70(5.8) 80 (32.0) <0.001 47 (3.6) 103 (62.0) <0.001
Transfusion 148 (10.0) 63(5.2) 95 (38.0) <0.001 68(5.2) 80 (48.2) <0.001
CRRT 90 (6.1) 20(1.7) 70 (27.6) <0.001 31(2.3) 59 (35.5) <0.001
WBC (x1019/L) 9.8(66,13.6) 96(64,13.2) 11.1(78,15.8) <0001 96(65,13.2) 122(89,168) <0001
HGB (g/L) 129.0 (1140, 129.0 (116.0,1440) 1280(1060,151.0) 0266  129.0(115.0,1440) 130.0 (103.5, 0.668
145.0) 149.5)
HCT (%) 385(345,42.7) 38.7(34.9,423) 37.6(32.1,435) 0.061 385(34.7,42.3) 394 (30.7,446) 0877
PCT (ng/ml) 0.2(0.1,0.9) 0.1 (0.0,0.6) 1.1(0.2,6.5) <0.001 0.1(0.0,0.6) 1.9(0.6,20.6) <0.001
CRP (mg/L) 37.1(66,1347)  314(59,119.0) 887(169,2002) <0001 32.0(60,1216) 1133 (164, <0001
216.5)
AST (U/L) 41.0(23.0,1395) 41.0(23.0,143.0) 45.0(25.9,132.0) 0.356 39.0 (22.0,137.0) 54.0(31.0,176.5) 0.002
ALT (U/L) 46.0 (22.0,153.0) 48.0(23.0,163.0) 35.0(20.0,81.0) <0.001 46.0(22.0,153.5) 450(22.0,115.5) 0.697
ALB (g/dl) 384 (33.6,424) 39.1(34.9,42.7) 34.8(28.6,39.7) <0.001 389(34.8,42.7) 32.7(27.8,388) <0.001
FPG (mmol/L) 6.7 (5.3,9.1) 6.6 (5.3,89) 75(5.7,11.2) <0.001 6.6(53,89) 83(6.3,11.2) <0.001
AMY (U/L) 167.5(67.0,699.8) 163.0(64.5,716.0) 202.0(92.0,607.0)  0.065 163.0 (66.0, 666.0) 247.0(87.0, 0.017
934.0)
TG (mmol/L) 15(1.0,3.6) 15(1.0,34) 8(1.2,64) <0.001 15(1.0,34) 19(1.1,54) 0.003
HDL (mmol/L) 1.1(08,1.5) 1.2(09,1.5) 09(0.5,1.3) <0.001 1.2(09,15) 0.7 (04,1.3) <0.001
CHOL (mmol/L) 46(3.7,59) 46(3.7,58) 48(34,74) 0.259 46(3.7,5.8) 49(3.1,13.7) 0.022
Na (mmol/L) 1396 (136.7, 139.7 (137.1,141.8)  137.9(135.1,141.0) <0.001 139.6(136.9,141.7) 1389 (1354, 0328
141.8) 142.1)
Ca (mmol/L) 2.2(2.0,24) 2.2(2.1,24) 2.1(19,23) <0.001 22(2.1,24) 20(18,2.2) <0.001
CREA (umol/L) 75.0(61.1,89.0) 71.0(59.0,83.0) 95.5(84.0,193.0) <0.001 73.0(60.9,87.0) 87.0(75.2,99.00 <0.001
AKI 250 (17.0) 0(0) 250 (100) <0.001 158(12.1) 92 (55.4) <0.001
SOFA (score) 2.0(1.0,4.0) 2.0(1.0,3.0) 5.0(20,7.0) <0.001 20(1.0,3.0 5.0(3.0,7.5) <0.001
Etiology <0.001 <0.001
biliary 988 (67.3) 861 (70.6) 128(51.2) 918 (70.3) 70
(42.2)
hyperlipidemic 344 (23.4) 281 (23) 63(25.2) 306 (23.5) 38
(22.9)
alcoholic 50(3.4) 40 (3.3) 10 (4.0) 40 (3.1) 10
(6.0)
others 88 (5.9) 38 (3.1) (19.6) 40 (3.1) 48
(28.9)
Severity <0.001 <0.001
mild and moderate 1304 (88.7) 1147 (94) 57 (62.8) 1304 (100) 0(0)
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Table 2 (continued)

Page 8 of 12

Variables Total (N=1470) Non-AKI AKI (n=250) P Mild and moder-  Severe AP P
(N=1220) value ateAP(N=1304) (N=166) value
severe 166 (11.3) 73 (6) 93 (37.2) 0(0) 166
(100)
BISAP (score) 1.0 (0.0, 2.0) 1.0 (0.0, 2.0) 2.0(1.0,3.0) <0.001 1.0(0.0,20) 2.0 <0.001
(1.0,
3.0)
HAPS (score) 0.0(0.0,1.0) 0.0(0.0,1.0) 1.0 (0.0,1.0) <0.001 0.0(0.0,1.0) 1.0 <0.001
(1.0,
2.0)

Data are numbers (N) and percentages (%), or mean (SD), medians (IQR, 25th-75th percentile)

BMI: body mass index; LOS: length of hospital stay; d, days; DM: diabetes mellitus; CHD: coronary heart disease; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HR: heart rate; RR: respiratory rate; SpO,: pulse oxygen saturation; Mechanical ventilation: noninvasive or invasive mechanical ventilation; Transfusion:
blood transfusion; CRRT: continuous renal replacement treatment; WBC: white blood cell count; HGB: hemoglobin; HCT: hematocrit; PCT: procalcitonin; CRP:
C-reactive protein; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALB: albumin; FPG: fasting plasma glucose; AMY: serum amylase; TG: triglyceride;
HDL: high-density lipoprotein; CHOL: total cholesterol; Na: sodium; Ca: calcium; CREA: creatinine; AKI: Acute kidney injury; SOFA: sequential organ failure assessment
score; BISAP: Bedside Index of Severity in Acute Pancreatitis score; HAPS: harmless acute pancreatitis score; AIP: atherogenic index of plasma; IQR: interquartile

range; P<0.05 was considered statistically significant

Table 3 Multiple logistic regression analysis for AIP with AKl and severity in the acute pancreatitis (AP) population

Non-adjusted model

Adjusted model 1

Adjusted model 2 Adjusted model 3

OR (95%Cl), P value

OR (95% CI), P value

OR (95% Cl), P value OR (95% CI), P value

AKI

AIP 144 (1.29~1.61), 1.71(1.5~1.94),
<0.001 <0.001

AlP,

tertiles

T Reference Reference

T2 1.74(1.19~256), 1.83(1.23~2.71),
0.004 0.003

T3 333(233~4.77), 461(3.11~684),
<0.001 <0.001

P -trend <0.001 <0.001

Severity

AIP 1.54 (1.35~1.75), 1.83(1.57~2.12),
<0.001 <0.001

AIP tertiles

T1 Reference Reference

T2 1.82(1.12~2.97), 2.01(1.22~3.3),
0.017 0.006

T3 421 (269~6.58), 6.04 (3.74~9.75),
<0.001 <0.001

P-trend <0.001 <0.001

162 (14~187), 145 (1.15~1.82),

<0.001 0.001

Reference Reference

1.7 (1.13~2.56), 127 (0.71~2.25),

0.011 0419

3.74 (245~5.71),<0.001 25(131~4.77),
0.005

<0.001 0.005

1.68 (1.4~2.02), 1.66 (1.3~2.12),

<0.001 <0.001

Reference Reference

1.74 (1~3.03), 144 (0.75~2.78),

0.05 0.277

406 (235~7.01), 3.1(1.53~6.27),

<0.001 0.002

<0.001 0.001

Results for each model are presented as OR (95% Cl), P value

AKI: acute kidney injury; AIP: atherogenic index of plasma; T: tertile; OR: odds ratio; 95%Cl: 95% confidence interval

AIP of Tertile 1: < 0.03; Tertile 2: 0.03-1.05; Tertile 3: > 1.05
Model 1: Sex+Age +BMI

Model 2: Sex+Age +BMI+Hypertension + DM +CHD + COPD + SBP + DBP + HR + Temperature + RR+ SpO,
Model  3: Sex+Age+BMI+Hypertension+DM+CHD+COPD +SBP +DBP + HR+ Temperature + RR+SpO, + HGB + WBC+ CRP + PCT+AMY +Na + Ca+CREA +CH

OL+BISAP +HAPS + SOFA +Etiology

features according to their status of glucose metabolism
[24]. However, to date, no study has analyzed the rela-
tionship of the AIP with AKI in patients with AP.

AIP is strongly associated with cardiovascular diseases
[25, 26] and demonstrates significant ability in predict-
ing various metabolic disorders, particularly type 2 dia-
betes and non-alcoholic fatty liver disease (NAFLD)

[27],T2DM, along with metabolic syndrome, dyslipid-
emia, and NAFLD, are well-established risk factors for
AP [28, 29]. A strong theoretical foundation is observed
for investigating the relationship between these indices
and the severity of AP. The association between AIP and
the severity of pancreatitis has been minimally explored.
A single-center study comprising 323 participants
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Fig. 2 Association between the AIP with AKI (A) and AP severity (B) in RCS. Adjusted for all covariables as model 3. Solid lines indicate the odds ratio of
AKl or the severity of AP and dotted lines represent the corresponding 95% Cl. OR=1 was set as the reference line. AIP: atherogenic index of plasma; AKI:
acute kidney injury; AP: acute pancreatitis; RCS: restricted cubic spline

A

Subgroup
Sex
Male
Female
Age

<65

Diabetes
No
Yes
SOFA
<5
25
BISAP
<3
23
Etiology
Biliary
Hyperlipidemic

Other

Total

790

680

1084

386

1211

259

1252

218

1229

241

1225

245

989

344

137

Event (%)

165 (20.9)

84 (12.4)

160 (14.8)

90 (23.2)

203 (16.8)

46 (17.6)

203 (16.2)

46(213)

124 (10.1)

125 (52)

160 (13.1)

89 (36.5)

129 (13)
63 (18.4)

58 (42.6)

OR (95%Cl)

1.7 (1.26~2.28)

1.03 (0.68~157)

1.53 (1.16~2.02)

1.11(0.65~1.9)

1.44 (1.1~1.88)

1.93 (1~3.73)

143 (1.11~1.85)

211 (0.96~4.6)

1.58 (1.22~2.06)

1.12 (0.54~2.29)

152 (1.18~1.97)

1.14 (0.46~2.82)

1.42 (1.02~197)
1.2(0.75~1.93)

317 (1.14~8.78)

——

——

o,
—a—

T T T 1
1.0 2.0 4.0 8.0

OR (95% Cl)

P for interaction

0.186

0.153

0.068

0.927

0.141

0.587

0.151

B

Subgroup
Sex
Male
Female
Age

<65

228
Diabetes

No

Etiology
Biliary
Hyperlipidemic

Other

Total

790

680

1084

386

1211

259

1252

218

1229

241

1225

245

989

344

137

Event (%)

97 (12.3)

69 (10.1)

106 (9.8)

59 (15.4)

134 (11.1)

31(12)

136 (10.9)

29 (13.3)

69 (5.6)

97 (40.3)

94(7.7)

72 (20.4)

72(7.3)
38 (1)

56 (41.1)

OR (95%Cl)

1.46 (1.06~2)

207 (1.25~3.44)

1.79 (1.20~2.49)

1.47 (0.85~2.57)

1.53 (1.14~2.04)

215 (0.93~4.97)

1.49 (1.14~1.94)

578 (1.9~23.31)

1.79 (1.25~2.56)

1.6 (1.01~2.52)

1.92 (1.37~2.69)

1.42 (0.87~2.31)

1.85 (1.25~2.73)
1.46 (0.68~3.17)

1.9 (0.88~4.12)

P for interaction

—— 0.633
—a—
—— 0.118
i
—— 0.069
—a—
—— 0.137
L—
—— 0.161
—a—
—— 0.948
i
—— 0.684
——
—a—

T T T T T
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Fig. 3 The relationship between AIP with AKI (A) and AP severity (B) according to the basic features. Except for the stratification component itself, each
stratification factor was adjusted for all covariables as model 3
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Fig. 4 ROC curves for AIP to predict AKI risk (A) and AP severity (B) in all participants. AUC: area under the curve; ROC: receiver operating characteristic;
AIP: atherogenic index of plasma; AKI: acute kidney injury; AP: acute pancreatitis; SOFA: sequential organ failure assessment score; BISAP: Bedside Index of

Severity in Acute Pancreatitis score; HAPS: harmless acute pancreatitis score

demonstrated significantly elevated AIP levels among
patients with SAP versus those having mild disease
(P<0.001) [30]. The study by Cho et al. reported that the
AUC was 0.709 for AIP in forecasting SAP. While this
study’s findings are in accordance with these results, a
slightly lower AUC of 0.64 was observed. This was poten-
tially associated with the different sample characteristics
and study populations, particularly with a higher propor-
tion of alcohol-induced pancreatitis in their cohort com-
pared to our predominantly Chinese population.

This study conducted thorough sensitivity analyses to
mitigate bias and enhance our result strength across mul-
tiple stratified subgroups, including patients with high
versus normal BMI, presence versus absence of DM,
alcoholic versus nonalcoholic pancreatitis, and hyper-
lipidemic versus non-hyperlipidemic pancreatitis. Our
findings show strong predictive capabilities of AIP for
AKI and SAP across these diverse subgroups, thus cor-
roborating and extending the limited existing evidence.
This consistency across various etiologies of AP and
comorbidities underscores the potential utility of these
indices as valuable prognostic tools in the management
of AP. In biliary pancreatitis, systemic inflammation [31,
32] and biliary obstruction can alter AIP levels. While in
hyperlipidemic pancreatitis, elevated AIP may signal a
different pathological mechanism due to the toxic effects

of triglycerides on the pancreas, indicating unique lipo-
protein changes. This implies that AIP could serve as a
valuable biomarker for identifying patients at risk of
pancreatitis.

Contemporary studies have determined the robust
association of IR with both the prognosis and severity
of AP [33]. This relationship warrants a detailed assess-
ment of the underlying pathophysiological mechanisms.
IR is the decreased sensitivity or compromised target
tissue or organ response to insulin, affecting the absorp-
tion and use of glucose. However, this metabolic dysfunc-
tion has several important implications. First, IR plays
a critical role in chronic metabolic disorders and their
complications [33]. Second, the condition presents as a
chronic, low-grade inflammatory state, possibly worsen-
ing inflammatory cascades in AP [34]. Third, a complex
pathway of kidney injury is initiated by IR, primarily by
the sympathetic nervous system activation, which trig-
gers increased activity of the renin-angiotensin system
and elevation of glomerular capillary pressure. These
hemodynamic alterations subsequently disturb renal cell
metabolism and induce structural changes, including
mesangial hyperplasia and renal hypertrophy, ultimately
leading to endothelial cell proliferation and progressive
kidney damage.
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Both AKI and AP are characterized by inflamma-
tory responses, which may be influenced by altered
lipid profiles associated with AIP. Elevated levels of pro-
inflammatory cytokines (such as TNF-a and IL-6) can
be triggered by the accumulation of atherogenic lipo-
proteins [35, 36]. This inflammatory milieu can lead to
further complications, including endothelial dysfunction
and microvascular injury in the kidneys and pancreas
[37, 38], exacerbating the severity of both conditions.

This study offers vital insights into the mechanistic
relationship between IR and AP. Comprehending these
pathophysiological pathways may assist in the develop-
ment of targeted therapeutic interventions and allow for
more precise prognostic assessments in AP management.
This understanding potentially paves the way for innova-
tive therapeutic strategies centered on IR modulation in
the treatment of AP.

Strengths and limitations

This study has several strengths. To the best of our
knowledge, this is the first study to successfully estab-
lish that one IR factor linked to AKI is independently
and positively related to the severity of AP in the popu-
lation. Secondly, the statistical methodology used in
this study reduced the residual confounders by rigorous
adjustments. Thirdly, various sensitivity analyses were
performed to evaluate the reliability of the results, like
converting AIP to a categorical factor; assessing the rela-
tionship of AIP with AKI and AP severity by excluding
patients with BMI>25 kg/m? DM, alcoholic pancreatitis,
and hyperlipidemic pancreatitis; performing subgroup
analyses; and computation of E-values for exploring the
possible unmeasured variables.

However, several limitations warrant consideration.
Firstly, although this was the largest investigation to date
comparing IR indices in patients with AP, the retrospec-
tive study design poses certain constraints. Secondly, as
there was a lack of longitudinal data on glucose and lipid
parameters, a dynamic evaluation of IR indices on out-
comes could not be performed. Finally, although strong
associations between AIP and clinical outcomes were
established, the underlying mechanistic pathways remain
to be completely elucidated.

Conclusions

To summarize, AIP is consistently and strongly related to
the higher incidence of AKI and severity of AP among the
Chinese population. These findings suggest that the rou-
tine monitoring of AIP could be a valuable clinical tool to
identify high-risk patients for AKI and severe AP early.
The clinical implications of the association between AIP,
AKI, and severe AP highlight the importance of routine
AIP monitoring in clinical practice. By recognizing indi-
viduals at high risk, healthcare providers can implement
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early interventions and personalized care strategies, ulti-
mately improving patient outcomes and contributing to
the growing body of research surrounding AIP.
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