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Background: Acute respiratory distress syndrome (ARDS), a severe form of
respiratory failure, can be precipitated by acute kidney injury (AKIl), leading to
a significant increase in mortality among affected patients. This study aimed to
identify the risk factors for ARDS and construct a predictive nomogram.

Methods: We conducted a retrospective analysis of 1,241 AKI patients admitted
to the Second Hospital of Shanxi Medical University from August 25, 2016,
to December 31, 2023. The patients were divided into a study cohort (1,012
cases, including 108 with ARDS) and a validation cohort (229 cases, including
23 with ARDS). Logistic regression analysis was employed to identify the risk
factors for ARDS, which were subsequently incorporated into the development
of a nomogram. The predictive performance of the nomogram was assessed by
AUC, calibration plots, and decision curve analyses, with external validation also
performed.

Results: Six risk factors were identified and included in the nomogram:
older age (OR =1.020; 95%Cl = 1.005-1.036), smoking history (OR = 1416;
95%Cl = 1.213-1.811), history of diabetes mellitus (OR = 1.449; 95%CI = 1.202-
1.797), mean arterial pressure (MAP; OR = 1.165; 95%Cl = 1.132-1.199), higher
serum uric acid levels (OR = 1.002; 95%CI = 1.001-1.004), and higher AKI stage
[(stage 1: reference), (stage 2: OR =11.863; 95%Cl| = 4.850-29.014), (stage
3: OR =41.398; 95%Cl = 30.840-52.731)]. The AUC values were 0.951 in the
study cohort and 0.959 in the validation cohort. Calibration and decision curve
analyses confirmed the accuracy and clinical utility of the nomogram.

Conclusion: The nomogram, which integrates age, smoking history, diabetes
mellitus history, MAP, and AKI stage, predicts the risk of ARDS in patients with
AKI. This tool may aid in early detection and facilitate clinical decision-making.
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acute respiratory distress syndrome (ARDS), acute kidney injury (AKI), risk factor, early
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Introduction

Acute kidney injury (AKI) is one of the most prevalent forms
kidney injury and has garnered significant attention as a major public
health concern (1). It affects 10-15% of hospitalized patients, with an
overall mortality rate of approximately 21%, including a striking
40-60% mortality rate among critically ill patients, and this figure
continues to rise (2, 3). An growing body of evidence suggests that the
high morbidity and mortality associated with AKI are at least partially
attributable to subsequent secondary multiorgan failure (4).
Pulmonary dysfunction is likely one of the most prominent clinical
manifestations of AKI and has been extensively investigated as a
distant organ effect (5). Respiratory failure is frequently observed in
patients with AKI and can progress to acute lung injury, ultimately
leading to acute respiratory distress syndrome (ARDS), with mortality
rates escalating to 60-80% (6).

A single-center retrospective cohort study indicates that the
coexistence of AKI and ARDS is associated with worse outcomes
compared to patients with AKI or ARDS alone. Among patients
diagnosed with both conditions, those who developed ARDS
subsequent to AKI exhibited the highest mortality rate (7). AKI
directly results in decreased urine output, leading to fluid overload
and pulmonary edema. This has traditionally been regarded as the
primary cause of pulmonary dysfunction in patients with AKI (8).
Furthermore, the lungs possess an extensive capillary network (9).
Chemical mediators such as pro-inflammatory uremic toxins can
readily compromise the integrity of the alveolar-capillary membrane.
This compromise can also lead to lung injury and dysfunction.
Moreover, this condition cannot be adequately addressed simply by
treating uremia and controlling fluid balance through dialysis (8).
Consequently, ARDS after AKI (10) is associated with a higher
mortality rate. Early diagnosis and treatment of ARDS occurrence
following AKI are therefore of paramount importance.

However, the lack of risk nomograms for ARDS occurrence
following AKT has rendered the early and accurate diagnosis of ARDS
in AKI patients a persistent challenging in clinical practice. We aimed
to construct a prediction model for ARDS occurrence following AKI
that integrates multiple risk factors. This model would facilitate the
early identification of high-risk AKI patients, enabling the prompt
implementation of appropriate preventive and intervention measures,
thereby effectively reducing the incidence and mortality rate of ARDS
after AKI.

Methods
Design and study cohort

From August 25, 2016, to December 31, 2023, we conducted a
retrospective data collection of consecutively hospitalized patients
were retrospectively collected from the Department of Nephrology,
Second Hospital of Shanxi Medical University. Given the relatively
high misdiagnosis rate of AKI as reported by Yang et al. (11),
we employed a comprehensive screening approach. We identified AKI
patients using both the 2012 Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines (12) and the extended diagnostic
criteria proposed by Yang et al. (11). Furthermore, we utilized the
International Classification of Diseases, 10th Revision, Clinical
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Modification (ICD-10-CM) codes to capture reported AKI cases. The
specific codes included N17.0 (Acute kidney failure with tubular
necrosis), N17.1 (Acute kidney failure with acute cortical necrosis),
N17.2 (Acute kidney failure with medullary necrosis), N17.8 (Other
acute kidney failure), and N17.9 (Acute kidney failure, unspecified)
(13). This single-center retrospective cohort study was designed to
investigate risk factors associated with the development of ARDS in
AKI patients. The study strictly adheres to the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines (Supplementary Table S1) (14).

Inclusion criteria

Initially, utilizing the electronic medical record system, we selected
the medical records of all patients who were admitted for the first time
during the study period, spanning from the start to the end date. Next,
we excluded patients who had fewer than two serum creatinine (SCr)
tests conducted during their hospital stay. AKI, as defined by KDIGO
guidelines, served as our primary screening criterion: [an increase in
SCr by >0.3 mg/dL (>26.5 pmol/L) within 48 h; or an increase in SCr
to >1.5 times the baseline, which is known or presumed to have
occurred within the past 7 days] (11). We reconfirmed the diagnosis
of AKI by rechecking the changes in SCr via the laboratory
information system. For patients with SCr measurements taken more
than 7 days apart and for those who had recovered from AKI,
we extended our screening criteria: [an increase or decrease in SCr of
atleast 26.5 pmol/L during hospitalization; or an increase or decrease
in SCr of at least 50% (relative to baseline SCr levels)] as supplementary
indicators of AKI (11).

Exclusion criteria

1. Patients who had progressed to end-stage kidney disease
(ESKD), initiated kidney replacement therapy (KRT),
undergone kidney transplantation, or had a peak SCr level
below 53 pmol/L upon admission.

2. Patients experiencing severe pulmonary events at the time of
AKI diagnosis, including but not limited to: chronic obstructive
pulmonary disease (COPD), interstitial lung diseases (such as
idiopathic pulmonary fibrosis, sarcoidosis, hypersensitivity
pneumonitis, etc.), pulmonary arterial hypertension (PAH),
asthma (particularly poorly controlled or severe cases),
bronchiectasis, cystic fibrosis, lung trauma or pulmonary
dysfunction due to post-tuberculosis sequelae, lung cancer
with respiratory dysfunction, and cardiogenic pulmonary
edema caused by heart failure.

3. Patients under 18 years of age or pregnant/lactating females.

4. Patients with a hospital stay of fewer than 3 days.

5. Patients whose changes in SCr met identification criteria but
could not be attributed to AKI (e.g., a decrease in SCr
following amputation).

Ultimately, confirmed AKI patients were divided into a study
cohort and a validation cohort. This study was approved by the
Medical Ethics Committee of the Second Hospital of Shanxi Medical
University (Approval No.: 2023-YX-173).
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Definition of ARDS

According to the Berlin definition (15), ARDS is defined as an
acute and severe respiratory failure resulting from extensive damage
to the alveolar-capillary membrane. Symptoms typically manifest
acutely within 48 h following the inciting event. Chest imaging, such
as X-ray or CT scan, demonstrates bilateral pulmonary infiltrates that
cannot be fully attributed to other causes, including but not limited to
heart failure, severe anemia, tumor-related pulmonary infiltrates, or
lymphangitic carcinomatosis. The severity of hypoxemia in ARDS is
categorized based on the PaO,/FiO, ratio: mild ARDS is defined by a
ratio of 200-300, moderate ARDS by a ratio of 100-200, and severe
ARDS by a ratio <100. Oxygenation assessment should be conducted
der a condition of positive end-expiratory pressure (PEEP) > 5 cmH,O.

Collection of clinical variables

Data were retrospectively collected in a consecutive manner.
Baseline clinical and demographic information was gathered at the
time of admission during the initial testing. Categorical variables
included sex (male, female), smoking history (no, yes), alcohol
consumption (no, yes), diabetes mellitus history (no, yes), AKI stage
(stage 1, 2, 3), etiology of AKI (pre-renal, intrinsic, postrenal,
unclassified), and specific injury factors of AKI, such as
decompensated cirrhosis (DCC), renal artery and occlusion (RAS and
RAO), hemorrhage, acute gastroenteritis (AGE), nephrotoxic drugs/
toxins, contrast-induced nephropathy (CIN), sepsis, surgery,
rhabdomyolysis, urinary tract calculi or stenosis, prostatism, urologic/
pelvic cancer, and neurogenic bladder (11, 16). Continuous variables
encompassed age (years), body mass index (BMI, kg/m?), albumin
(ALB, g/L), cystatin C (Cys C, mg/L), systolic blood pressure (SBP,
mmHg), diastolic blood pressure (DBP, mmHg), mean artery pressure
(MAP, mmHg), hemoglobin (g/L), white blood cell (WBC, x10°/L),
uric acid (pmol/L), neutrophil gelatinaseassociated lipocalin (NGAL,
ng/mL), fibrinogen (FN, g/L), D-dimer (pg/L), erythrocyte
sedimentation rate (ESR, mm/h), alanine aminotransferase (ALT,
U/L), aspartate aminotransferase (AST, U/L), low-density lipoprotein
(LDL, mmol/L), high-density lipoprotein (HDL, mmol/L) and
triglyceride (TG, mmol/L).

Statistical analysis

Continuous variables were summarized as means + standard
deviations for normally distributed data or as medians and
interquartile ranges for non-normally distributed data. Categorical
variables were presented as frequencies and percentages. Comparisons
between groups for quantitative variables were made using the Student
t-test for normally distributed data or the Mann-Whitney U test for
non-normally distributed data. Comparisons between groups for
qualitative variables were conducted using chi-square or Fisher s exact
tests, as appropriate. Sensitivity analysis was performed within the
study cohort to compare AKI diagnosis data analysis using the
KDIGO guideline alone versus the KDIGO guidelines in conjunction
with expanded criteria.

Subsequently, data from the study cohort were utilized to
construct a predictive model, while data form the validation set were
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employed to assess the model’s performance. Univariable logistic
regression analysis was conducted for each variable within the study
cohort. p-values for the variables were calculated based on the
univariable logistic regression model. Variables with p-values <0.05 in
the univariable logistic regression were included in the multivariable
logistic regression model. Then, factors with p-values <0.05 in the
multivariable model were incorporated into the prediction model to
create the nomogram. In the nomogram, the sum of the assigned
points for these factors, plotted on the “total points” axis, corresponded
to the predicted probability ARDS occurrence-free survival in AKI
patients. The discriminatory ability of the model was evaluated using
receiver operating characteristic curve (ROC) analysis, and its
calibration was assessed using a calibration plot for internal validation.
Decision curve analysis (DCA) was applied to evaluate the clinical
utility of the model. All statistical analyses were performed using SPSS
(27.0 IBM, Armonk, NY, United States) and R (version 4.2.1) software.

Variables with a missing value rate of >20% were excluded from
the analysis. The remaining variables with a missing value rate of
<20% (the ratio of missing value for included variables ranged from 0
to 18.5% in total cohort; see Supplementary Table S2) were handled
using multiple imputation via the mice package for R (17, 18).

Results

Clinical characteristics and univariate
analysis results

In this study, following the exclusion of ineligible cases, a total of
1,241 AKI patients who met inclusion criteria were enrolled. These
patients were divided into two groups: 1012 patients comprised the
study cohort enrolled between August 25, 2016, and June 30, 2021,
and 229 patients comprised the validation cohort, enrolled between
July 1, 2021, and December 31, 2023 (Figure 1). Among these AKI
patients, 89 were diagnosed using expanded criteria, with 53 in the
study cohort and 36 in the validation cohort. Of the 1,241 AKI
patients, 131 (approximately 10.556%) experienced ARDS, which
translates to an incidence rate of approximately 10,556 cases per
100,000 AKI patients.

Among the 1,012 patients in the study sample, 108 (10.672%)
developed ARDS and were classified into the ARDS group, while 904
(89.328%) did not develop ARDS and were categorized into the
non-ARDS group. The distribution and proportion of ARDS severity
are presented in Table 1. The clinical characteristics of the patients are
detailed in Table 2. No significant statistical differences were observed
in the baseline clinicopathological data between the study and
validation cohorts.

Univariate logistic regression analysis of the study cohort revealed
that age, history, alcohol consumption, diabetes mellitus history, SBP,
DBP, MAP, hemoglobin, uric acid, FN, D-dimer, LDL, HDL, TG, AKI
stage, and injury factors were significantly different between AKI
patients with and without ARDS (p < 0.05). Specifically, patients with
ARDS exhibited higher levels of age, SBP, DBP, MAP, uric acid, FN,
D-dimer, LDL, HDL, and TG compared to those without ARDS
(mean age: 56 + 18 vs. 51 + 17; mean SBP level: 139 + 21 vs. 124 + 22;
mean DBP level: 96 + 11 vs. 77 + 10; mean MAP level: 111 + 10 vs.
92 + 9; mean uric acid level: 446 + 209 vs. 247 + 187; mean FN level:
5.1 £ 1.8 vs. 3.5 + 1.6; mean D-dimer level: 2043 + 210 vs. 688 + 237;
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1457 patients whose diagnosis met the definition of AKI according to KDIGO guideline in the Second
Hospital of Shanxi Medical University from 2016.8.25-2023.12.31

35 patients

89 patients who reached the expanded criteria:

O Increase/decrease in SCr by 26.5 umol/L or more during
hospitalization, resulting in 54 patients

O Increase/decrease in SCr by 50% during hospitalization, resulting in

A total of 1546 patients met the diagnostic criteria

| diagnosis

305 patients excluded

O 136 had reached ESKD or had started KRT, undergone kidney
transplantation, or whose SCr peak was below 53pumol/L at admission
O 83 experiencing severe pulmonary events at the time of AKI

O 81 were less than 18 years old or female patients during
pregnancy/lactation
O 45 had been hospitalized for less than 3 days

1241 patients were enrolled in this study

1012 patients from 2016.8.25-2021.6.30 | | 229 patients from 2021.7.1-2023.12.31

Study cohort Validation cohort
108 ARDS 23 ARDS
904 non-ARDS 206 non-ARDS

FIGURE 1

distress syndrome.

Flow chart. AKI, acute kidney injury; SCr, serum creatine; ESKD, end-stage kidney disease; KRT, kidney replacement therapy; ARDS, acute respiratory

TABLE 1 ARDS severity.

ARDS severity Cases (total = 131) Proportion (%)
1 92 70.2
2 25 19.1
3 14 10.7

ARDS, acute respiratory distress syndrome.

mean LDL level: 4.6 + 1.7 vs. 2.1 £ 1.9; mean HDL level: 4.9 + 1.3 vs.
1.2 + 0.6; mean TG level: vs. 3.8 + 2.7 vs. 2.3 + 1.4), while hemoglobin
levels were lower in patients with ARDS (mean hemoglobin level:
65 £ 58 vs. 99 + 81), all with p values <0.05. Categorical variables such
as AKI stage and injury factors also demonstrated significant
difference between patients with and without ARDS (AKI stage:
p <0.001; injury factor: p < 0.001).

Multivariate analysis

The significant factors identified in the univariate logistic analysis
were incorporated into a multivariate logistic regression model to
determine whether each factor was an independent risk factor for the
development of ARDS. Among these factors, MAP, SBP and DBP were
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all significantly different. We chose to include MAP rather than SBP
and DBP in the model, as MAP provides a more comprehensive
description blood pressure status. In the multivariate analysis, the
following factors were found to be independently associated with
ARDS, with p values <0.05: older age (OR = 1.020; 95%CI = 1.005-
1.036), smoking history (OR = 1.416; 95%CI = 1.213-1.811), history
of diabetes mellitus (OR = 1.449; 95%CI = 1.202-1.797), higher MAP
(OR =1.165; 95%CI=1.132-1.199), elevated uric acid level
(OR = 1.002; 95%CI = 1.001-1.004), and higher AKI stage [(stage 1:
reference), (stage 2: OR = 11.863; 95%CI = 4.850-29.014), (stage 3:
OR =41.398; 95%CI = 30.840-52.731)]. These results are detailed in
Table 3.

To further substantiate the robustness of our findings, particularly
in light of the inclusion of expanded criteria, a sensitivity analysis was
conducted. The results of this analysis revealed that the conclusions
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TABLE 2 Characteristics of patients in the study and validation cohorts.

10.3389/fmed.2025.1563425

Characteristic Study cohort Comparison with validation cohort
ARDS group non-ARDS p value Study cohort Validation p value
(n =108) (n =904) (n =1,012) cohort (n = 229)

Sex 0.584 0.652

Male 84(8.3) 341(33.7) 425(41.9) 179(43.6)

Female 108(10.7) 479(47.3) 587(58.1) 232(56.4)
Age (years) 56+ 18 51+17 <0.001 52+17 52+18 0.266
Smoking history <0.001 0.404

No 109(10.8) 294(29.1) 403(39.8) 174(42.3)

Yes 83(8.2) 526(52) 609(60.2) 237(57.7)
Alcohol consumption 0.038 0.630

No 157(15.5) 612(60.5) 769(75.9) 318(77.4)

Yes 35(3.5) 208(20.6) 243(24.1) 93(22.6)
Diabetes mellitus history 0.006 0.875

No 173(17.1) 670(66.2) 843(83.3) 344(83.7)

Yes 19(1.9) 150(14.8) 169(16.7) 67(16.3)
BMI (kg/m?) 243+43 248 +8.2 0.428 24.7+77 242+48 0.266
ALB (g/L) 282+17.7 27.7+18.2 0.753 27.8£18.1 27.6 £159 0.828
Cys C (mg/L) 53+£20.5 3.6+204 0.320 3.9+204 4.6 +£26.5 0.589
SBP (mmHg) 139 +21 124 +22 <0.001 127 +23 126 +22 0.343
DBP (mmHg) 96 + 11 77 £10 <0.001 80+ 13 79+ 12 0.303
MAP (mmHg) 111 £10 92+9 <0.001 96 + 12 95+ 12 0.193
Hemoglobin (g/L) 65+ 58 99 + 81 <0.001 72 £ 65 68 + 56 0.441
WBC (x10°) 10.5+3.3 93+53 0.715 102 +6.1 11.5+54 0.552
Uric acid (pmol/L) 446 + 209 247 + 187 <0.001 276 £ 155 272 + 156 0.340
NGAL (ng/mL) 78+1.9 10.3+29 0.226 9.8+2.6 103+24 0.703
FN (g/L) 51+1.8 35+1.6 <0.001 49+1.6 48+1.7 0.545
D-dimer (pg/L) 2043 +210 688 + 237 <0.001 986 + 297 1,052 + 269 0.543
ESR (mm/h) 155+ 67 236 + 64 0.100 241 61 256 + 59 0.360
LDL (mmol/L) 46+17 21+19 <0.001 43+15 41+17 0.646
HDL (mmol/L) 49+13 1.2+£0.6 <0.001 28+13 29+13 0.507
TG (mmol/L) 38+27 23+14 <0.001 25+26 27+14 0.389
ALT (U/L) 384+17.3 37.2+18.1 0.827 36.9+18.5 385+17.8 0.797
AST (U/L) 39.1+15.7 31+122 0.340 32.7+153 339+12.7 0.840
AKI stage <0.001 0.957

Stage 1 96(9.5) 779(77.1) 875(86.5) 353(85.9)

Stage 2 41(4.1) 35(3.5) 76(7.5) 31(7.5)

Stage 3 55(5.4) 5(0.5) 60(5.9) 27(6.6)
AKI cause 0.238 0.865

Pre-renal AKI 45(4.4) 153(15.1) 198(19.6) 87(21.2)

Intrinsic AKI 45(4.4) 246(24.3) 291(28.8) 114(27.7)

Postrenal AKI 33(3.3) 139(13.7) 172(16.9) 73(17.8)

Unclassified 69(6.8) 282(27.9) 351(34.7) 137(33.3)
Injury factors <0.001 0.844

DCC 8(0.8) 42(4.2) 50(4.9) 25(6.1)

RAS or RAO 16(1.6) 30(3.0) 46(4.5) 20(4.9)

(Continued)
Frontiers in Medicine 05 frontiersin.org
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TABLE 2 (Continued)

Characteristic Study cohort Comparison with validation cohort
ARDS group non-ARDS p value Study cohort Validation p value
(n =108) (n =904) (n =1,012) cohort (n = 229)

Hemorrhage 21(2.1) 73(7.2) 94(9.3) 38(9.2)
AGE 12(1.2) 8(0.8) 20(1.9) 8(1.9)

Nephrotoxic drugs/toxins 33(3.3) 234(23.1) 267(26.4) 107(26)
CIN 6(0.6) 12(1.2) 18(1.8) 7(1.7)

Sepsis 45(4.4) 208(20.6) 253(25) 95(23.1)
Surgery 12(1.2) 46(4.5) 58(5.7) 24(5.8)
Rhabdomyolysis 6(0.6) 28(2.8) 34(3.4) 14(3.4)
Urinary tract calculi or stenosis 15(1.5) 82(8.1) 97(9.6) 38(9.2)
Prostatauxe 10(1.0) 32(3.2) 42(42) 20(4.9)
Urologic/pelvic cancer 4(0.4) 16(1.6) 20(1.9) 9(2.2)

Neurogenic bladder 4(0.4) 9(0.9) 13(1.3) 6(1.4)

BMI, body mass index; ALB, albumin; Cys C, cystatin C; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean artery pressure; WBC, white blood cell; NGAL, neutrophil
gelatinase-associated lipocalin; FN, fibronectin; ESR, erythrocyte sedimentation rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; DCC, decompensated cirrhosis; RAS, renal artery stenosis; RAO, renal artery occlusion; AGE, acute gastroenteritis; CIN, contrast-induced
nephropathy. p < 0.05 was statistically significant. All P-values < 0.05 are bolded to highlight statistical significance for better readability.

TABLE 3 Multivariate logistic analysis of the study cohort.

Characteristic OR (95%Cl) p value
Age (years) 1.020(1.005-1.036) 0.008
Smoking history (yes) 1.416(1.213-1.811) 0.010
Alcohol consumption (yes) 1.034(0.474-2.254) 0.934
Diabetes mellitus history (yes) 1.449(1.202-1.797) 0.049
MAP (mmHg) 1.165(1.132-1.199) <0.001
Hemoglobin (g/L) 1.001(0.996-1.006) 0.662
Uric acid (pmol/L) 1.002(1.001-1.004) 0.002
FN (g/L) 1.092(0.933-1.280) 0.274
D-dimer (pg/L) 1.210(1.017-1.612) 0.705
LDL (mmol/L) 1.003(0.964-1.043) 0.876
HDL (mmol/L) 1.683(1.440-2.061) 0.089
TG (mmol/L) 1.076(1.001-1.219) 0.250
AKI stage

Stage 1 Reference

Stage 2 11.863(4.850-29.014) <0.001

Stage 3 41.398(30.840-52.731) <0.001
Injury factors 0.618
DCC Reference
RAS or RAO 2.022(0.379-10.792) 0.516
Hemorrhage 1.664(0.358-7.731) 0.169
AGE 3.837(0.565-26.054) 0.822
Nephrotoxic drugs/toxins 1.178(0.283-4.906) 0.072
CIN 7.203(0.836-62.073) 0.388
Sepsis 1.869(0.452-7.726) 0.358
Surgery 2.188(0.412-11.606) 0.552
Rhabdomyolysis 1.779(0.267-11.853) 0.798
Urinary tract calculi or stenosis 1.232(0.249-6.106) 0.443
Prostatauxe 2.034(0.332-12.457) 0.537
Urologic/pelvic cancer 2.448(0.142-42.106) 0.092

MAP, mean artery pressure. FN, fibronectin; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; AKI, acute kidney injury; DCC, decompensated cirrhosis; RAS,
renal artery stenosis; RAO, renal artery occlusion; AGE, acute gastroenteritis; CIN, contrast-induced nephropathy. p < 0.05 was statistically significant. All P-values < 0.05 are bolded to
highlight statistical significance for better readability.
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remained largely consistent, with no significant variations observed
(Table 4). This analysis thus provides additional assurance regarding

the stability and reliability of our study outcomes.

Performance of the nomogram

A risk estimation nomogram was constructed utilizing the 6
independent risk factors identified, based on the probability of

10.3389/fmed.2025.1563425

remaining free from ARDS occurrence (Figure 2). In the nomogram,
each selected predictor is assigned a score according to the values

derived from the prediction model. To determine the total score, a

vertical line is drawn from the value of each predictor perpendicular

to the points axis. The score corresponding to each predictor is

indicated by the intersection on the points axis. For instance, a

70-year-old patient with a history of smoking, a MAP of 115 mmHg,

and an AKI stage of 3 have a risk index exceeding 0.9 (Figure 3A).
Another illustrative example is provided in Figure 3B.

TABLE 4 Comparing data analysis in study cohort: AKI diagnosis using KDIGO Guidelines vs. KDIGO Guidelines with expanded criteria.

Characteristic

With expanded criteria (n = 1,012)

Univariate analysis

p-value [OR(95%
Cl)

Multivariate analysis
p-value [OR(95% ClI)]

Without expanded criteria (n = 959)

Univariate analysis
p-value [OR(95%
Chl

Multivariate analysis
p-value [OR(95% ClI)]

Sex (Male/female)

0.584 [0.915 (0.667-1.257)]

0.493 [1.195 (0.718-1.990)]

Age (years)

<0.001 [1.020 (1.011-1.030)]

0.008 [1.020(1.005-1.036)]

0.076 [1.013 (0.999-1.028)]

0.024 [1.020 (0.994-1.047)]

Smoking history (No/Yes)

<0.001 [1.426 (1.309-0.586)]

0.010 [1.416(1.213-1.811)]

<0.001 [1.362 (1.216-1.607)]

0.006 [1.300 (1.087-1.714)]

Alcohol consumption (No/Yes)

0.038 [0.656 (0.440-0.977)]

0.934 [1.034(0.474-2.254)]

0.228 [0.671 (0.351-1.283)]

0.716 [0.771 (0.190-3.125)]

Diabetes mellitus history (No/Yes)

0.006 [0.049 (0.296-0.813)]

0.049 [1.449(1.202-1.797)]

0.076 [0.474 (0.207-1.082)]

0.038 [1.554 (1.148-2.078)]

BMI (kg/m2) 0.428 [0.988 (0.961-1.017)] 0.552 [0.983 (0.929-1.040)]
ALB (g/L) 0.753 [1.001 (0.993-1.010)] 0.740 [1.003 (0.988-1.018)]
Cys C (mg/L) 0.320 [1.003 (0.997-1.010)] 0.404 [1.003 (0.996-1.011)]
SBP (mmHg) <0.001 [1.030 (1.023-1.037)] <0.001 [1.031 (1.020-1.043)]
DBP (mmHg) <0.001 [1.214 (1.179-1.250)] <0.001 [1.191 (1.143-1.241)]
MAP (mmHg) <0.001 [1.175 (1.149-1.201)] <0.001 [1.165(1.132-1.199)] <0.001 [1.172 (1.131-1.214)] <0.001 [1.006 (1.002-1.009)]
Hemoglobin (g/L) <0.001 [1.010 (1.007-1.013)] 0.662 [1.001(0.996-1.006)] <0.001 [1.009 (1.004-1.014)] 0.088 [0.987 (0.973-1.002)]
WBC (x109) 0.715 [0.997 (0.978-1.015)] 0.793 [0.995 (0.957-1.034)]
Uric acid (pmol/L) <0.001 [1.008 (1.003-1.014)] 0.002 [1.012(1.001-1.024)] <0.001 [1.009 (1.003-1.015)] <0.001 [1.006 (1.002-1.009)]
NGAL (ng/mL) 0.226 [0.996 (0.988-1.003)] 0.811[0.999 (0.989-1.009)]
FN (g/L) <0.001 [0.834 (0.756-0.920)] 0.274 [1.092(0.933-1.280)] 0.036 [0.848 (0.727-0.989)] 0.170 [1.228 (0.915-1.648)]

D-dimer (ug/L)

<0.001 [1.013 (1.001-1.026)]

0.705 [1.210(1.017-1.612)]

0.007 [1.017 (1.001-1.094)]

0.608 [1.035 (1.012-1.067)]

ESR (mm/h) 0.100 [1.001 (0.999-1.004)] 0.579 [1.035 (1.013-1.057)]
LDL (mmol/L) <0.001 [1.762 (1.688-1.844)] 0.876 [1.003(0.964-1.043)] <0.001 [1.685 (1.571-1.822)] 0.988 [1.001 (0.911-1.113)]
HDL (mmol/L) <0.001 [1.400 (1.313-1.510)] 0.089 [1.683(1.440-2.061)] <0.001 [1.384 (1.261-1.565)] 0.120 [0.554 (0.264-1.165)]
TG (mmol/L) <0.001 [1.720 (1.633-1.818)] 0.250 [1.076(1.001-1.219)] 0.001 [1.712 (1.581-1.874)] 0.802 [1.056 (0.689-1.619)]
ALT (U/L) 0.827 [1.056 (1.001-1.154)] 0.720 [0.999 (0.996-1.003)]
AST (U/L) 0.340 [2.127 (2.089-2.513)] 0.635 [1.076 (1.001-1.112)]
AKI stage
Stage 1 Reference Reference Reference Reference
Stage 2 <0.001 [9.506 (5.775-15.647)] <0.001 [11.863(4.850-29.014)] <0.001 [6.827 (3.119-14.942)] 0.004 [9.606 (2.095-14.501)]
Stage 3 <0.001 [59.260 (34.877- <0.001 [41.398(30.840-52.731)] <0.001 [33.553 (28.221- <0.001 [21.645 (10.310-38.579)]
61.737)] 36.669)]
AKI cause
Pre-renal AKI Reference Reference

Intrinsic AKI 0.043 [0.622 (0.393-0.985)] 0.019 [0.414 (0.197-0.866)]
Postrenal AKI 0.405 [0.807 (0.487-1.377)] 0.769 [0.897 (0.434-1.855)]
Unclassified 0.395 [0.832 (0.544-1.271)] 0.092 [0.565 (0.291-1.099)]
Injury factors
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TABLE 4 (Continued)

Characteristic

With expanded criteria (n = 1,012)

Univariate analysis

p-value [OR(95%

Multivariate analysis
p-value [OR(95% ClI)]

10.3389/fmed.2025.1563425

Without expanded criteria (n = 959)

Univariate analysis
p-value [OR(95%

Multivariate analysis
p-value [OR(95% ClI)]

CI)] Cl)]
DCC Reference Reference Reference Reference
RAS or RAO 0.368 [1.510 (0.615-3.709)] 0.516 [2.022(0.379-10.792)] 0.618 [1.400 (0.868-14.110)] 0.839 [1.271 (0.126-12.807)]
Hemorrhage 0.001 [7.875 (2.441-25.406)] 0.169 [1.664(0.358-7.731)] 0.005 [15.750 (2.298-19.717)] 0.598 [2.299 (0.104-5.953)]
AGE 0.483 [0.740 (0.320-1.714)] 0.822 [3.837(0.565-26.054)] 0.606 [1.726 (1.215-2.451)] 0.453 [0.448 (0.055-3.649)]

Nephrotoxic drugs/toxins

0.126 [2.625 (0.761-9.051)]

0.072 [1.178(0.283-4.906)]

0.912 [2.875 (1.082-9.376)]

0.854 [1.504 (1.203-4.239)]

CIN 0.761 [1.136 (0.499-2.594)] 0.388 [7.203(0.836-62.073)] 0.768 [1.832 (1.246-2.816)] 0.838 [1.802 (1.096-6.687)]
Sepsis 0.533 [1.370 (0.510-3.677)] 0.358 [1.869(0.452-7.726)] 0.727 [1.750 (1.149-3.769)] 0.588 [0.462 (0.028-7.524)]
Surgery 0.842 [1.125 (0.352-3.594)] 0.552 [2.188(0.412-11.606)] 0.887 [0.875 (0.139-5.507)] 0.845 [0.740 (0.036-10.080)]
Rhabdomyolysis 0.932 [0.960 (0.377-2.447)] 0.798 [1.779(0.267-11.853)] 0.618 [1.400 (0.373-5.259)] 0.933 [0.902 (0.081-10.041)]

Urinary tract calculi or stenosis

0.350 [1.641 (0.581-4.629)]

0.443 [1.232(0.249-6.106)]

0.149 [2.827 (0.690-11.577)]

0.289 [3.725 (1.327-4.396)]

Prostatauxe

0.689 [1.313 (0.347-4.969)]

0.537 [2.034(0.332-12.457)]

0.724 [0.656 (0.063-6.797)]

0.724 [2.946 (1.107-8.851)]

Urologic/pelvic cancer

0.235[2.333 (0.576-9.458)]

0.092 [2.448(0.142-42.106)]

0.958 [1.050 (0.095-11.558)]

0.663 [3.190 (1.017-6.261)]

AKTI, acute kidney injury; BMI, body mass index; ALB, albumin; Cys C, cystatin C; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean artery pressure; WBC, white blood
cell; NGAL, neutrophil gelatinase-associated lipocalin; FN, fibronectin; ESR, erythrocyte sedimentation rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; DCC, decompensated cirrhosis; RAS, renal artery stenosis; RAO, renal artery occlusion; AGE, acute gastroenteritis; CIN,
contrast-induced nephropathy. p < 0.05 was statistically significant.
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FIGURE 2
Risk nomogram conducted by logistic regression. MAP, mean artery pressure; AKI, acute kidney injury.

Validation and effect evaluation of the
nomogram

We recommend that AKI patients presenting with advanced age,
a history of smoking, diabetes mellitus, elevated MAP, high uric acid
levels, and a high AKI stage should undergo regular medical
monitoring and receive appropriate treatment to mitigate the risk of
developing ARDS.

The developed model underwent internal validation utilizing the
validation cohort. The discriminatory performance of the nomogram
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FIGURE 3

Examples of the nomogram in clinical practice. Figures illustrate the process of calculating the risk scores of acute respiratory distress syndrome
(ARDS) and non-ARDS using the nomogram. (A) A 70-year-old patient with a history of smoking, a mean artery pressure (MAP) of 115 mmHg, and an
AKI stage of 3 have a risk index exceeding 0.9 (90%). (B) A 40-year-old patient with no smoking history, MAP level of 91 mmHg, and stage 2 of acute
kidney injury (AKI) at admission, which corresponds to an ARDS risk of less than 0.1 (<10%).

was assessed by the ROC curve (Figure 4). The nomogram  respectively, closely aligning with the study cohort’s results of 86.1 and
demonstrated an AUC of 0.951 (Figure 4A). In the validation cohort,  91.1% (Figure 4; Table 5). The calibration curve revealed satisfactory
the nomogram maintained robust discriminatory ability, with an AUC ~ agreement between the nomogram’s predictions the actual observation
of 0.959 (Figure 4B). Utilizing the cutoft value (—1.622) derived from  (Figure 5A). The DCA indicated that the prediction model offers
the ROC analysis of the study cohort, the specificity and sensitivity of ~ substantial net benefit, facilitating valuable and clinically beneficial
the prediction model in the validation cohort were 86.4 and 91.3%,  decision-making (Figure 5B).
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FIGURE 4
Receiver operating characteristic (ROC) curves of the nomogram in the study cohort (A) and the validation cohort (B).

TABLE 5 Prediction model accuracy in the validation cohort.

Prediction Actual observation
Non-ARDS
ARDS 21 22
7 178
Non-ARDS
23 206

Sensitivity of model: 91.3% (21/23)

Specificity of model: 86.4% (178/206)

ARDS, acute respiratory distress syndrome.
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FIGURE 5

The calibration curve and results of the decision curve analysis (DCA) of the nomogram in the validation cohort. (A) Calibration curves represent the
difference between the actual prediction and the ideal perfect prediction (45° line). (B) The DCA curve of the nomogram for predicting acute
respiratory distress syndrome (ARDS). It revealed that the nomogram could obtain a greater net benefit than either the “treat all” or the “treat none”
strategy.

Discussion ARDS. Our results identified older age, smoking history, history of
diabetes mellitus, MAP, higher uric acid level, and higher AKI stage

In this retrospective study, we examined 1,241 AKI patients  as independent risk factors ARDS following AKI. The nomogram
hospitalized in our facility, of whom 131 subsequently developed  developed in this study offers a practical tool for assessing the risk of
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ARDS in patients with AKI by incorporating these key clinical
variables. In clinical practice, clinicians can use this nomogram by
inputting these factors to calculate a risk score, which can assist in
identifying high-risk patients. Those with higher risk scores may
require more intensive monitoring, while lower-risk patients can
be monitored less frequently.

Advanced age is correlated with structural alterations and
functional deterioration of the lungs, and it is a well-established risk
factor for ARDS (19). The incidence of ARDS increases by 3% for every
decade of life (20). Observational cohort studies have indicated that
ARDS patients aged 65 years or older have a significantly lower survival
rate compared to those under 65 years (21). However, the influence of
age on the development of ARDS following AKI remains unclear. Our
study demonstrated that age is an independent predictor of respiratory
failure following AKI. Cigarette smoke exposure has been recognized
as a risk factor for ARDS across diverse populations. Both active and
passive smoking are linked to an increased vulnerability to lung injury
in patients with sepsis and blunt trauma (22, 23). Our study
corroborated these findings, concluding that smoking is associated
with ARDS in a cohort of AKI patients. Furthermore, based on prior
research, not only active smokers but also individuals chronically
exposed to secondhand smoke should be considered at heightened risk
clinical practice. A prior meta-analysis revealed that diabetes mellitus
is significantly associated with an increased incidence of ARDS in
hospitalized patients (24). Patients with renal insufficiency and
concomitant diabetes mellitus exhibit compromised pulmonary
function. They face an elevated risk of ESRD and a higher mortality risk
(25). Our study further corroborated that diabetic patients are
significantly more likely to develop ARDS following AKI compared to
non-diabetic patients. Our research also indicated that AKI patients
with higher MAP
ARDS. Hypertension, in conjunction with a systemic inflammatory

are at a greater risk of developing
response characterized by elevated high-sensitivity C-reactive protein,
various cytokines and complement activation (26), may facilitate the
kidney-lung crosstalk process, thereby increasing susceptibility to lung
injury. Uric acid has been proposed as a prognostic predictor of ARDS
and is the most abundant antioxidant in human serum. A previous
large-scale cohort study demonstrated that serum uric acid levels are
inversely associated with the risk of respiratory disease (27). Moreover,
survival rates were significantly lower in the hyperuricemia group (28,
29). Our findings suggest that uric acid is also an underrecognized risk
factor for the development of ARDS following AKI. Given its simplicity,
low cost, and ready availability, uric acid should be emphasized as a
biomarker in the management of patients with AKI. Our study
demonstrated that patients with AKI stage 3 were at a heightened risk
of lung injury compared to other patients. The clinical presentation of
patients with AKI stage 3 is marked by a rapid escalation in SCr over a
brief period or a reduction in urine output, which can lead to increased
renal-pulmonary cross-infection and a heightened risk of respiratory
failure (8). Consistent with our findings, among AKI patients with
concomitant ARDS, kidney outcomes were more adverse in stage 2 and
3 patients compared to those in stage 1 (30). This suggests that the
severity of AKI is a significant predictor of respiratory failure, and
patients with severe AKI should be closely monitored for the
development of ARDS.

In our study, we endeavored to calculate all the relevant risk factors
and the elucidate the relationship between these risk factors and
development of ARDS following AKI. However, like other retrospective
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studies, our study has limitations. Firstly, selection bias is inherent and
unavoidable. We utilized e Berlin definition as the ARDS inclusion.
However, this definition may not be applicable in scenarios where
arterial blood gas data are difficult to obtain, potentially leading to the
under-identification of some patients (31). Our sensitivity analysis,
which showed that the conclusions remained largely consistent, further
supports the stability of our study’s inclusion criteria. Secondly, studies
spanning long durations are prone to lose some follow-up data, which
can introduce bias. Our data collection commenced in August 2016,
and there has been a considerable number of patients have become
unreachable, resulting in missing information. Thirdly, the limited
sample size may have impacted the study’s quality. We only included
the patients from the Department of Nephrology of our hospital,
which makes this a single-center study. Consequently, the results may
not be fully generalizable to other populations or institutions.
Variations in patient characteristics, clinical practices, and institutional
protocols could influence the observed outcomes. To confirm the
accuracy of the identified risk factors and the nomogram, a larger,
multi-center cohort study is necessary in the next phase.

Conclusion

The findings our study indicate that older age, smoking history,
history of diabetes mellitus, MAP, higher serum uric acid level, and
higher AKI stage are independent risk factors for development or
ARDS following AKI. In clinical practice, heightened attention to
these risk factors, coupled with early identification and timely
intervention, may help reduce the incidence of ARDS and improve the
prognosis for patients with AKI.
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