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Background: Heart failure (HF) and chronic obstructive pulmonary disease (COPD) are common comorbidities in intensive care unit
(ICU) patients. The albumin-corrected anion gap (ACAG) has shown utility in predicting mortality across various populations;
however, its impact on HF patients with COPD remains unclear. This study investigated the relationship between ACAG and mortality
in this population.

Methods: We conducted a retrospective cohort study using the Medical Information Mart for Intensive Care (MIMIC)-IV database.
A total of 1283 patients with heart failure and chronic obstructive pulmonary disease were included from the MIMIC-IV database.
ACAG levels were assessed within 24 hours of admission. The association between ACAG and in-hospital and 30-day mortality was
analyzed using Kaplan-Meier analysis, multivariate Cox regression, restricted cubic spline (RCS) analysis, subgroup analysis, and
receiver operating characteristic (ROC) curve analysis.

Results: Among 1283 HF patients with COPD (54.6% male), in-hospital and 30-day mortality rates were 11.2% and 13.7%,
respectively. Kaplan-Meier analysis demonstrated significantly increased mortality risk in patients with higher ACAG levels (log-
rank P<0.001). In fully adjusted Cox models, compared to the lowest ACAG group (T1), the highest group (T3) showed hazard ratios
of 2.04 (95% CI: 1.18-3.54; p=0.011) for in-hospital mortality and 1.83 (95% CI: 1.12-2.97; p=0.015) for 30-day mortality. RCS
analysis revealed a linear relationship between ACAG and mortality risk, consistent across subgroups. ROC analysis demonstrated
superior discriminatory ability of ACAG for in-hospital mortality (AUC=0.693) compared to anion gap (AUC=0.571) and albumin
(AUC=0.640), with similar findings for 30-day mortality.

Conclusion: ACAG is closely associated with the risk of mortality in HF patients with COPD. It appears to be a potential prognostic
predictor for HF patients with COPD, aiding in risk stratification for this population. However, further prospective studies are needed
to consolidate our findings.
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Introduction

Heart failure (HF) remains a leading cause of global morbidity and mortality, accounting for substantial healthcare
burden worldwide.! The prognosis of HF is frequently complicated by the presence of comorbidities, among which
chronic obstructive pulmonary disease (COPD) represents one of the most prevalent and clinically significant. Studies
have documented that COPD affects approximately 20-30% of HF patients, with this overlap associated with worse
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functional status, increased hospitalization rates, and elevated mortality risk compared to HF patients without COPD.*"
The coexistence of these conditions creates diagnostic and therapeutic challenges, as both share overlapping symptoms
such as dyspnea and exercise intolerance, and their treatments may sometimes have conflicting effects on hemodynamics
and respiratory function.

Identifying reliable prognostic biomarkers in patients with both HF and COPD is essential for risk stratification and
clinical decision-making. Traditional indicators of disease severity, such as left ventricular ejection fraction, natriuretic
peptide levels, and spirometric parameters, provide valuable prognostic information but may not fully capture the
complex metabolic derangements that occur in critically ill patients with these conditions.”® Acid-base disturbances
and electrolyte imbalances are common in both HF and COPD exacerbations and have been associated with adverse
outcomes.”®

The anion gap (AG), calculated as the difference between measured cations and anions in serum, has traditionally
been employed to evaluate acid-base balance and identify metabolic acidosis.” AG reflects the concentration of
unmeasured anions, including lactate, ketones, phosphate, and sulfate, with elevated values indicating accumulation of
unmeasured acids. Recent studies have demonstrated that elevated AG is associated with increased mortality across
various critical conditions, including cardiac arrest, sepsis, and acute myocardial infarction.'®1? However, AG measure-
ments can be misleading in patients with hypoalbuminemia, a condition frequently observed in critically ill patients
including those with HF and COPD."*'° Since albumin represents a major unmeasured anion, low serum albumin levels
can result in falsely low AG values, potentially masking underlying metabolic acidosis and impairing accurate prognostic
assessment. '

To address this limitation, the albumin-corrected anion gap (ACAG) was developed. This correction provides a more
accurate reflection of unmeasured anions and has demonstrated superior prognostic value compared to uncorrected AG in
multiple clinical settings.'” Recent investigations have highlighted ACAG’s utility in predicting mortality across diverse
patient populations. Hu et al reported that elevated ACAG (>21.25 mmol/L) independently predicted in-hospital
mortality in septic patients admitted to intensive care units (ICU), with superior predictive accuracy compared to either
AG or albumin alone.'® Similarly, Li et al demonstrated that higher ACAG levels were independently associated with
increased in-hospital mortality in patients with acute pancreatitis.'® In cardiovascular diseases, studies have shown that
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elevated ACAG predicts both short-term and long-term mortality in acute myocardial infarction patients,
associated with increased mortality risk in atrial fibrillation patients.** Furthermore, Zhong et al found that elevated
ACAG (>20 mmol/L) at the initiation of continuous renal replacement therapy was significantly associated with ICU
mortality in acute kidney injury patients.*>

Despite these findings, the prognostic significance of ACAG in patients with the specific combination of HF and
COPD remains unexplored. Given the high prevalence of comorbid HF and COPD, the associated poor prognosis, and
the theoretical rationale for ACAG as a marker of metabolic dysfunction in these patients, investigating the relationship
between ACAG and clinical outcomes in this specific population is warranted. Therefore, this retrospective cohort study
aims to evaluate the association between ACAG levels at ICU admission and mortality in patients with both HF and

COPD, utilizing data from the Medical Information Mart for Intensive Care (MIMIC)-IV database.

Methods

Data Source
This population-based retrospective open-cohort study utilized data from the MIMIC-IV (version 3.1) database. MIMIC-
IV is a publicly available critical care database jointly developed by the Beth Isracl Deaconess Medical Center (BIDMC)
and the Massachusetts Institute of Technology (MIT) Laboratory for Computational Physiology.** The database contains
detailed de-identified clinical data, including demographics, vital signs, diagnostic codes, laboratory results, clinical
annotations, and mortality outcomes.

Access to the MIMIC-IV database was obtained after completing the required National Institutes of Health (NIH)
web-based training course and passing the examination for “Protecting Human Research Participants™ (certification
number: 62773844). The study was approved by the Institutional Review Boards of both MIT and BIDMC. This study
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utilized the MIMIC database, in which all patient information has been de-identified in accordance with the Health
Insurance Portability and Accountability Act (HIPAA) Safe Harbor provisions. According to the Measures for the Ethical
Review of Life Science and Medical Research Involving Human Subjects (issued February 18, 2023, China), Article
32(1) provides that research utilizing lawfully obtained public data or data derived from unobtrusive observation of
public behavior may be exempt from formal ethical review. Additionally, Article 32(2) stipulates that studies relying
exclusively on anonymized information or biological specimens are similarly eligible for exemption. Given that this
research was conducted entirely using publicly available, de-identified data, it was determined to be exempt from
institutional ethics approval in accordance with these regulatory provisions.

Study Population

We retrospectively assessed the impact of ACAG during ICU hospitalization on mortality in patients with HF combined
with COPD. HF and COPD were identified using diagnostic codes from the International Classification of Diseases,
Ninth and Tenth Revisions (ICD-9 and ICD-10), Clinical Modification. Patients were excluded based on the following
criteria: (1) absence of a COPD diagnosis; (2) age under 18 years; (3) missing albumin or anion gap data; (4) non-first-
time ICU admission; or (5) an ICU stay of less than 24 hours. Ultimately, 1283 patients met the inclusion criteria and
were categorized into three groups according to ACAG tertiles (T1: <19.55; T2: 19.55-23.5; T3: >23.5) (Figure 1).

Data Collection

In this investigation, a wide range of clinical and demographic variables were obtained, including patient demographics
(age, sex, body mass index [BMI], and ethnicity), vital signs (heart rate [HR], systolic blood pressure[SBP] and diastolic
blood pressure [DBP], respiratory rate [RR], body temperature, and oxygen saturation [SpO,]), and commonly docu-
mented comorbidities (hypertension [HTN], coronary artery disease [CAD], chronic kidney disease [CKD], diabetes
mellitus [DM], obesity, and stroke). Laboratory measures consisted of red and white blood cell counts (RBC, WBC),
platelet count, red cell distribution width [RDW], hematocrit, hemoglobin, serum creatinine, blood urea nitrogen [BUN],
serum albumin, bicarbonate, chloride, sodium, potassium, calcium, and blood glucose. Medication use and interventions
recorded comprised beta-blockers, angiotensin-converting enzyme inhibitors [ACEI], angiotensin II receptor blockers
[ARB], angiotensin receptor—neprilysin inhibitors [ARNI], diuretics, mechanical ventilation, and renal replacement
therapy [RRT]. Disease severity was evaluated using two well-established scoring systems. The Sequential Organ

Patients diagnosed of heart failure in
MIMIC-IV database (n=19,030)

(" Excluded: without COPD )
L (n=15,897) )

(" Excluded: age <18 years )
L (0=0) )

(" Excluded: missing data )
L (n=1,455) )

Excluded: not first ICU
(n=132)

\ J

( Excluded: ICU stay < 24h )
L (n=263) )

[ 1,283 patients included in analyses ]

Figure | Study population selection flowchart.
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Failure Assessment (SOFA) score quantifies organ dysfunction across six organ systems (respiratory, cardiovascular,
hepatic, coagulation, renal, and neurological), with each system scored from 0 to 4 points, yielding a total score ranging
from 0 to 24; higher scores indicate greater severity of organ dysfunction and are strongly associated with increased
mortality in critically ill patients.?® The Simplified Acute Physiology Score II (SAPS II) is calculated from 17 variables
including 12 physiological parameters, age, type of admission, and three underlying disease variables (acquired
immunodeficiency syndrome, metastatic cancer, and hematologic malignancy), collected within the first 24 hours of
intensive care unit admission; the score ranges from 0 to 163 points and provides an estimate of mortality risk.?’ Both
scores were calculated using data from the first 24 hours following ICU admission. Variables with missing rates
exceeding 10% were excluded from the analysis. Among the remaining variables included in the final analysis, all had
missing rates below 5%. For continuous variables with missing values, median imputation was applied. This approach
was adopted based on established methodological evidence that simple imputation methods produce negligible bias when
missing rates are low (<5%).*®

The anion gap (AG, mmol/L) was calculated using the formula: AG = (sodium + potassium) - (chloride + bicarbonate).
Subsequently, the ACAG was derived as follows: ACAG = AG + (4.4 - albumin [g/dL]) x 2.5.%° All values used in the
calculations were obtained from the earliest available measurements after ICU admission.

Chronic conditions were defined according to the corresponding diagnostic codes in the ICD-9 and ICD-10. Using
PostgreSQL (version 16.9), we systematically retrieved clinical information recorded during the initial 24-hour period
after ICU admission from the MIMIC-IV database.

Endpoints of Interest
Patient clinical outcomes were recorded, with a primary focus on both in-hospital and 30-day all-cause mortality.

Statistical Analysis

Data are summarized as follows: normally distributed continuous variables as mean =+ standard deviation, compared by
independent #-test; non-normal continuous variables as median with interquartile range (IQR), compared by Mann—
Whitney U-test; and categorical variables as counts (percentages), compared by chi-square test.

Survival outcomes, including in-hospital and 30-day mortality, were evaluated using Kaplan—Meier curves stratified
by ACAG tertiles.

The relationship between ACAG and mortality was quantified using Cox proportional hazards models, yielding
hazard ratios (HRs) with 95% confidence intervals (ClIs). Covariates for the model were selected through a two-step
process. First, candidate variables were identified based on their established clinical relevance to patient outcomes and
prior evidence from the literature. These included demographics, vital signs, comorbidities, medications, interventions,
laboratory values, and illness severity scores. Second, each candidate variable was assessed in a univariable Cox model.
Variables with a significance level of p<0.05 were retained for consideration in the initial multivariable model. Final
model selection involved a backward elimination procedure, maintaining variables significant at p<0.05 and those
deemed clinically essential. Potential multicollinearity was examined via variance inflation factor (VIF); variables with
VIF > 10 were dichotomized at their median or mean for inclusion.

Three models were specified: a crude model (Model 1); an adjusted model for demographics and anthropometry (sex,
age, BMI; Model 2); and a fully adjusted model (Model 3) that additionally incorporated hemodynamic, clinical, and
laboratory parameters (HR, SBP, RR, SpO,, HTN, CKD, DM, RRT, ACEI/ARB/ARNI, RBC, RDW, hematocrit,
hemoglobin, WBC, creatinine, BUN, glucose, calcium, SOFA, SAPS II). ACAG was analyzed as both continuous and
categorical (tertile-based) variables, with the lowest tertile as reference.

Furthermore, an RCS model was applied to examine the dose-response relationship between ACAG and mortality.

Stratified analyses assessed the consistency of ACAG’s prognostic effect across prespecified subgroups: sex, age
(<65/>65 years), key comorbidities (hypertension, chronic kidney disease, diabetes), RRT status, and ACEI/ARB/ARNI
use. Effect modification was evaluated via likelihood ratio tests.

Finally, receiver operating characteristic (ROC) analysis was used to evaluate the predictive ability of ACAG for in-
hospital and 30-day mortality, with the area under the curve (AUC) calculated. To compare the discriminative

4 https: International Journal of Chronic Obstructive Pulmonary Disease 2026:21



Wu et al

performance between ACAG and its individual components (anion gap and albumin), we employed DeLong’s test for
comparing correlated ROC curves. The differences in AUC (AAUC) along with corresponding standard errors,
Z statistics, and P values were reported. A two-sided P value < 0.05 was considered statistically significant.

All statistical analyses were performed with SPSS (version 26.0; IBM Corp., USA) and R software (version 4.4.1;
R Foundation). A two-sided p-value < 0.05 was considered statistically significant.

Results

Baseline Characteristics

As shown in Table 1, this study included a total of 1283 patients with a median age of 72.3 years (interquartile range:
64.07-79.65), of which 45.4% were female (n=582). The median ACAG value was 21.20 (interquartile range:
18.65-24.62). The ICU in-hospital all-cause mortality rate was 11.22% (n=144), and the 30-day all-cause hospital
mortality rate was 13.72% (n=176). Table 1 details the baseline characteristics of patients stratified by ACAG tertiles. In
the T3 group, increased heart rate and respiratory rate were observed, along with increased white blood cell count, RDW,
and serum creatinine, decreased hemoglobin, increased prevalence of chronic kidney disease and diabetes, and decreased
prevalence of hypertension. With increasing ACAG tertiles, mortality rates progressively increased: in-hospital mortality

(4.27% vs. 10.14% vs. 19.20%, p<0.001) and 30-day hospital mortality (5.92% vs. 13.36% vs. 21.78%, p<0.001).

Table | Baseline Characteristics According to ACAG Index Tertiles

Variables Total (n = 1283) TI (n = 422) T2 (n = 434) T3 (n = 427) P
Age, years, M (Q,, Q3) 7231 (64.07, 79.65) 71.18 (63.05, 78.71) 72.95 (65.47, 80.02) 73.07 (64.13, 80.27) 0.072
Sex, n (%) 0.063

Female 582 (45.36) 200 (47.39) 208 (47.93) 174 (40.75)

Male 701 (54.64) 222 (52.61) 226 (52.07) 253 (59.25)
BMI, kg/m% M (Q), Q3) 30.10 (24.69, 36.13) 30.13 (24.32, 35.89) 30.33 (25.60, 36.19) 29.69 (24.53, 36.13) 0.439
Race, n (%) 0.227

Asian 19 (1.48) 9 (2.13) 5 (1.15) 5(1.17)

Black 147 (11.46) 57 (13.51) 54 (12.44) 36 (8.43)

Other 245 (19.10) 76 (18.01) 83 (19.12) 86 (20.14)

White 872 (67.97) 280 (66.35) 292 (67.28) 300 (70.26)
Vital Signs
HR, bpm, M (Q, Q3) 95.00 (82.00, 110.00) 91.00 (80.00, 105.00) 95.00 (82.00, 108.00) 99.00 (85.00, 115.00) <0.001
SBP, mmHg, M (Q, Q3) 146.00 (132.00, 161.00) | 150.50 (133.25, 164.00) | 146.00 (132.00, 159.75) | 144.00 (131.00, 159.00) 0.020
DBP, mmHg, M (Q,, Q3) 88.00 (76.00, 101.00) 88.00 (77.00, 103.00) 88.00 (75.00, 103.00) 88.00 (75.00, 99.50) 0.647
RR, bpm, M (Q, Q3) 28.00 (24.75, 32.00) 27.00 (24.00, 31.00) 28.00 (25.00, 32.00) 28.00 (25.00, 32.00) 0.031
Temperature, °C, M (Q), Q3) 37.11 (36.89, 37.44) 37.11 (36.89, 37.39) 37.11 (36.89, 37.44) 37.11 (36.86, 37.44) 0.963
Spo2, %, M (Q,, Q3) 100.00 (99.00, 100.00) 100.00 (99.00, 100.00) 100.00 (99.00, 100.00) 100.00 (99.00, 100.00) 0.016
Laboratory tests
RBC, k/uL, M (Q,, Q3) 3.49 (2.93, 3.94) 3.53 (3.14, 4.11) 3.49 (2.90, 4.01) 3.31 (2.83, 3.70) <0.001
RDW, %, M (Q), Q3) 15.50 (14.20, 16.90) 15.10 (14.00, 16.40) 15.70 (14.30, 17.20) 15.70 (14.60, 17.00) <0.001

(Continued)
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Table | (Continued).

Variables Total (n = 1283) TI (n = 422) T2 (n = 434) T3 (n = 427) P
Hemoglobin, g/dL, M (Q,, Q3) 9.20 (7.80, 11.10) 9.55 (8.20, 11.40) 9.30 (7.80, 11.20) 8.80 (7.40, 10.70) <0.001
Hematocrit, %, M (Q, Q3) 29.30 (24.70, 35.00) 30.25 (25.52, 35.48) 29.70 (24.63, 35.70) 28.10 (23.65, 33.60) <0.001
WBC, kul, M (Q,, Q3) 7.80 (5.70, 10.80) 7.40 (5.50, 9.78) 7.90 (5.80, 10.78) 8.30 (6.00, 12.30) <0.001
Platelets, k/uL, M (Q,, Q3) 168.00 (121.00, 235.00) | 166.00 (121.25, 224.75) | 170.00 (130.00, 238.00) | 174.00 (I14.00, 243.50) 0.443
Creatinine, mg/dL, M (Q, Q3) 1.20 (0.80, 1.90) 0.90 (0.70, 1.30) 1.10 (0.80, 1.80) 1.60 (1.10, 2.80) <0.001
BUN, mg/dL, M (Q, Q3) 25.00 (16.00, 42.00) 18.00 (13.00, 29.00) 25.00 (16.00, 41.00) 33.00 (20.00, 55.00) <0.001
Glucose, mg/dL, M (Q,, Q;) 112.00 (93.00, 140.00) 108.00 (93.00, 128.00) 114.00 (95.00, 144.00) 115.00 (93.00, 147.50) 0.005
Albumin, g/dL, M (Q,, Q3) 3.20 (2.80, 3.60) 3.40 (3.00, 3.70) 3.20 (2.90, 3.60) 3.00 (2.60, 3.40) <0.001
Sodium, mmol/L, M (Q,, Q3) 137.00 (134.00, 140.00) | 137.00 (135.00, 140.00) | 137.00 (134.00, 140.00) | 136.00 (133.00, 139.00) 0.007
Potassium, mmol/L, M (Q;, Q;) 4.00 (3.60, 4.40) 3.90 (3.60, 4.30) 4.00 (3.60, 4.30) 4.10 (3.60, 4.60) 0.004
Calcium, mmol/L, M (Q,, Q3) 8.30 (7.80, 8.70) 8.30 (7.90, 8.80) 8.40 (7.90, 8.70) 8.10 (7.50, 8.60) <0.001
Anion gap, mmol/L, M (Q, Q3) 12.00 (10.00, 15.00) 11.00 (9.00, 13.00) 12.00 (11.00, 14.00) 15.00 (12.00, 17.00) <0.001
Bicarbonate, mmol/L, M (Q,, Q3) 22.00 (19.00, 26.00) 25.00 (22.00, 29.00) 22.00 (20.00, 25.75) 19.00 (15.00, 22.00) <0.001
Chloride, mmol/L, M (Q,, Q3) 99.00 (95.00, 104.00) 101.00 (97.00, 105.00) 99.00 (96.00, 104.00) 98.00 (93.00, 101.50) <0.001
ACAG, M (Q), Q) 21.20 (18.65, 24.62) 17.42 (15.80, 18.60) 21.20 (20.40, 22.24) 26.30 (24.65, 29.28) <0.001
Disease severity score
SOFA score, M (Q, Q3) 3.00 (2.00, 6.00) 2.00 (1.00, 4.00) 3.00 (2.00, 5.00) 5.00 (3.00, 8.00) <0.001
SAPSII score, M (Q), Q3) 38.00 (31.00, 47.00) 34.00 (29.00, 42.00) 37.00 (31.00, 45.75) 43.00 (35.00, 54.00) <0.001
Comorbidities
HTN, n (%) <0.001

No 634 (49.42) 174 (41.23) 225 (51.84) 235 (55.04)

Yes 649 (50.58) 248 (58.77) 209 (48.16) 192 (44.96)
CAD, n (%) 0.663

No 494 (38.50) 168 (39.81) 160 (36.87) 166 (38.88)

Yes 789 (61.50) 254 (60.19) 274 (63.13) 261 (61.12)
CKD, n (%) <0.001

No 559 (43.57) 222 (52.61) 183 (42.17) 154 (36.07)

Yes 724 (56.43) 200 (47.39) 251 (57.83) 273 (63.93)
Obesity, n (%) 0.506

No 856 (66.72) 290 (68.72) 282 (64.98) 284 (66.51)

Yes 427 (33.28) 132 (31.28) 152 (35.02) 143 (33.49)
DM, n (%) 0.003

No 616 (48.01) 229 (54.27) 205 (47.24) 182 (42.62)

Yes 667 (51.99) 193 (45.73) 229 (52.76) 245 (57.38)

(Continued)
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Table | (Continued).

Variables Total (n = 1283) TI (n = 422) T2 (n = 434) T3 (n = 427) P
Stroke, n (%) 0.388
No 1188 (92.60) 390 (92.42) 397 (91.47) 401 (93.91)
Yes 95 (7.40) 32 (7.58) 37 (8.53) 26 (6.09)
Medication
Beta blocker, n (%) 0.087
No 325 (25.33) 92 (21.80) 112 (25.81) 121 (28.34)
Yes 958 (74.67) 330 (78.20) 322 (74.19) 306 (71.66)
ACEI/ARB/ARNI, n (%) <0.001
No 74| (57.76) 207 (49.05) 250 (57.60) 284 (66.51)
Yes 542 (42.24) 215 (50.95) 184 (42.40) 143 (33.49)
Diuretic, n (%) 0.116
No 239 (18.63) 70 (16.59) 76 (17.51) 93 (21.78)
Yes 1044 (81.37) 352 (83.41) 358 (82.49) 334 (78.22)
Ventilation, n (%) 0.750
No 77 (6.00) 27 (6.40) 23 (5.30) 27 (6.32)
Yes 1206 (94.00) 395 (93.60) 411 (94.70) 400 (93.68)
RRT, n (%) <0.001
No 1217 (94.86) 412 (97.63) 420 (96.77) 385 (90.16)
Yes 66 (5.14) 10 (2.37) 14 (3.23) 42 (9.84)
Outcomes
LOS Hospital, days, M (Q, Q3) 9.56 (5.75, 15.54) 9.00 (5.53, 15.62) 9.36 (5.81, 14.73) 9.96 (5.97, 16.07) 0.319
LOS ICU, days, M (Q, Q3) 2.98 (1.82, 5.54) 2.90 (1.78, 5.48) 2.92 (1.69, 5.09) 3.29 (1.96, 6.42) 0.010
In-hospital mortality, n (%) <0.001
No 1139 (88.78) 404 (95.73) 390 (89.86) 345 (80.80)
Yes 144 (11.22) 18 (4.27) 44 (10.14) 82 (19.20)
30-day mortality, n (%) <0.001
No 1107 (86.28) 397 (94.08) 376 (86.64) 334 (78.22)
Yes 176 (13.72) 25 (5.92) 58 (13.36) 93 (21.78)

Abbreviations: M, median; Q,, Ist quartile; Q3, 3st quartile; BMI, body mass index; HR, heart rate; bmp, beats per minute; SBP, systolic blood pressure; DBP, diastolic
blood pressure; RR, respiratory rate; RBC, red blood cell; RDWY, red cell distribution width; WBC, white blood cell; BUN, blood urea nitrogen; ACAG, albumin-corrected
anion gap; SOFA, sequential organ failure assessment; SAPSII, simplified acute physiology score Il; HTN, hypertension; CAD, coronary artery disease; CKD, chronic kidney
disease; DM, diabetes mellitus; ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin |l receptor blockers; ARNI, angiotensin receptor-neprilysin inhibitor; RRT,

renal replacement therapy; LOS, length of stay; ICU, intensive care unit.

Kaplan-Meier Survival Analysis
Kaplan-Meier survival analysis was performed to evaluate the effect of ACAG across different tertiles on the two

endpoints. Figure 2 shows that patients in higher ACAG tertiles exhibited significantly higher mortality rates both in-
hospital and at 30 days (log-rank p<0.0001).
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A ACAG Tertiles =+ T1 T2 + T3 B ACAG Tertiles =+ T1 T2 + T3
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Log-rank p <0.0001 Log-rank p <0.0001
0.001 0.004
0 16 32 48 64 80 0 6 12 18 24 30
Time (days) Time (days)
Number at risk Number at risk
T11 427 105 21 5 1 T11 427 423 419 412 405 401
424 92 21 6 2 2 424 408 393 379 374 369
T31 432 109 27 13 2 0 T31 432 397 369 352 344 337
0 16 32 48 64 80 0 6 12 18 24 30
Time (days) Time (days)

Figure 2 Kaplan-Meier survival curves for all-cause mortality. (A) in-hospital mortality and (B) 30-day mortality.
Abbreviation: ACAG, albumin-corrected anion gap.

Relationship Between ACAG and Clinical Outcomes
To further investigate the relationship between ACAG and mortality, we conducted Cox proportional hazards regression
models (Table 2). The results showed that in the unadjusted model, each standard deviation (SD) increase in ACAG was
associated with an 11% higher in-hospital mortality risk (HR 1.11, 95% CI 1.08-1.14, p<0.001), which remained
significant in the partially adjusted model (HR 1.11, 95% CI 1.09-1.15, p<0.001), and was attenuated but remained
significant in the fully adjusted model (HR 1.07, 95% CI 1.04-1.11, p<0.001). When ACAG was categorized as an
ordinal variable, in the unadjusted model, patients in the T3 group had about four times higher mortality risk compared to
the T1 group (HR 4.08, 95% CI 2.48—-6.73, p<0.001), a risk that remained similarly elevated in the partially adjusted
model (HR 4.08, 95% CI 2.47-6.72, p<0.001), and decreased to about two times higher in the fully adjusted model (HR

Table 2 Cox Proportional Hazard Models for In-Hospital Mortality and 30-Day Mortality

Categories Model | Model 2 Model 3
HR (95% CI) P HR (95% CI) P HR (95% CI) P

In-hospital mortality

Continuous .11 (1.08-1.14) | <0.001 | I.I'l (1.09-1.15) | <0.001 | 1.07 (1.04-1.11) | <0.00I

Tertiles

Tl | (Ref) I (Ref) I (Ref)

T2 2.29 (1.34-3.93) | 0.003 2.20 (1.28-3.78) | 0.004 1.70 (0.97-2.99) | 0.065

T3 4.08 (2.48-6.73) | <0.001 | 4.08 (2.47-6.72) | <0.001 | 2.04 (1.18-3.54) | 0.011

P for trend <0.001 <0.001 0.013

30-day mortality

Continuous .11 (1.09-1.14) | <0.001 | I.Il (1.09-1.14) 1.07 (1.03-1.10) | <0.00I
(Continued)
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Table 2 (Continued).

Categories Model | Model 2 Model 3

HR (95% CI) P HR (95% CI) P HR (95% CI) P
Tertiles
TI | (Ref) | (Ref) | (Ref)
T2 2.30 (1.45-3.66) | <0.001 | 2.20 (1.38-3.50) | <0.00! | 1.65 (1.02-2.68) | 0.042
T3 4.00 (2.59-6.18) | <0.001 | 3.89 (2.52-6.02) | <0.001 | 1.83 (1.12-2.97) | 0.015
P for trend <0.001 <0.001 0.021

Notes: Model I: Crude. Model 2: Adjust: Sex, Age, BMI. Model 3: Adjust: Sex, Age, BMI, HR, SBP, RR, Spo2, HTN, CKD, DM,
RRT, ACEI/ARB/ARNI, RBC, RDW, Hematocrit, Hemoglobin, WBC, Creatinine, BUN, Glucose, Calcium, SOFA, SAPSII.

Abbreviations: HR, Hazard Ratio; Cl, Confidence Interval; ACAG, albumin-corrected anion gap; BMI, body mass index; HR,
heart rate; SBP, systolic blood pressure; RR, respiratory rate; HTN, hypertension; CKD, chronic kidney disease; DM, diabetes
mellitus; RRT, renal replacement therapy; ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin Il receptor blockers;
ARNI, angiotensin receptor-neprilysin inhibitor; RBC, red blood cell; RDW, red cell distribution width; WBC, white blood cell;
BUN, blood urea nitrogen; SOFA, sequential organ failure assessment; SAPSII, simplified acute physiology score II.

2.04, 95% CI 1.18-3.54, p<0.001), with a significant increasing trend in risk as ACAG increased (p for trend <0.05).
Similar trends were observed for 30-day mortality: each SD increase in ACAG corresponded to an HR of 1.11 (95% CI
1.09-1.14, p<0.001) in the unadjusted model, 1.11 (95% CI 1.09-1.14, p<0.001) in the partially adjusted model, and 1.07
(95% CI 1.03-1.10, p<0.001) in the fully adjusted model. Compared to the T1 group, patients in the T3 group had
significantly higher 30-day mortality risk, with an HR of 4.00 (95% CI 2.59-6.18) indicating approximately four times
higher risk in the unadjusted model, an HR of 3.89 (about 3.9 times higher risk; 95% CI 2.52-6.02, p<0.001) in the
partially adjusted model, and an HR of 1.83 (about 1.8 times higher risk; 95% CI 1.12-2.97, p<0.001) in the fully
adjusted model, all showing a significant upward trend (p for trend <0.05).

The Detection of Nonlinear Relationships
Additionally, we employed the RCS model to evaluate the potential nonlinear relationship between ACAG and all-cause
mortality (Figure 3). The RCS analysis revealed a positive linear association between ACAG and both in-hospital

mortality risk and 30-day mortality risk, with no significant nonlinearity detected (p for nonlinear > 0.05).

A

P for overall < 0.001
P for nonlinear = 0.707

Hazard Ratio (95% Cl)

25 30

P for overall

P for nonlinear = 0.655

Hazard Ratio (95% CI)

<0.001

20
ACAG

Figure 3 RCS analysis of the association between ACAG and all-cause mortality. (A) in-hospital mortality and (B) 30-day mortality.
Abbreviation: ACAG, albumin-corrected anion gap.
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Subgroup Analysis

We further evaluated the prognostic value of ACAG for in-hospital and 30-day all-cause mortality across various
subgroups (Figure 4), including sex, age, hypertension, CKD, diabetes, RRT, and ACEI/ARB/ARNI use. The results
indicated no significant interaction between ACAG and any of the subgroups for either in-hospital or 30-day outcomes
(interaction p-values: 0.137-0.937). This suggests that the association between ACAG and clinical outcomes remains

consistent in patients with heart failure complicated by chronic obstructive pulmonary disease.

The Predictive Significance of ACAG for All-Cause Mortality

To assess the prognostic value of ACAG and its individual components, we conducted ROC curve analysis comparing
ACAG with albumin and anion gap (Figure 5). For in-hospital mortality, ACAG demonstrated an AUC of 0.693, which

A B
group Patients (E: HR (95% Cl) P Value P Interaction Subgroup Patients (Events) HR (95% CI) P Value P Interaction
All patients 1283 (144) -—t 1.11(1.08-1.14)  <0.001 All patients 1283 (176) et 1.11(1.09-1.14)  <0.001
Sex 0.774 Sex 0.488
Female 582 (71) — 1.11(1.07-1.15)  <0.001 Female 582 (94) —_— 1.10 (1.07-1.14)  <0.001
Male 701 (73) e 1.12(1.08-1.16)  <0.001 Male 701 (82) et 1.12(1.09-1.16)  <0.001
Age 0.460 Age 0.383
<65 345 (16) —_— 1.14(1.06-1.23)  <0.001 <65 345 (18) — 1.14(1.07-1.21)  <0.001
>=65 938 (128) .— 1.1 (1.08-1.14)  <0.001 >=65 938 (158) - 1.11(1.08-1.14)  <0.001
HTN 0.941 HTN 0.531
No 634 (114) ot 1.11(1.07-1.14)  <0.001 No 634 (134) ] 1.11(1.08-1.15)  <0.001
Yes 649 (30) —— 1.10 (1.04-1.17)  <0.001 Yes 649 (42) —— 1.09 (1.04-1.15)  <0.001
CKD 0.234 CKD 0.137
No 559 (74) i 1.13(1.09-1.17)  <0.001 No 559 (92) et 1.13(1.10-1.17)  <0.001
Yes 724 (70) —— 1.09 (1.05-1.14)  <0.001 Yes 724 (84) —— 1.09 (1.06-1.13)  <0.001
Diabetes 0.201 Diabetes 0.253
No 616 (75) —t 113 (1.09-1.17)  <0.001 No 616 (94) —— 1.13(1.09-1.16)  <0.001
Yes 667 (69) ——— 1.09 (1.05-1.14)  <0.001 Yes 667 (82) — 1.10 (1.06-1.14)  <0.001
RRT 0215 RRT 0.408
No 1217 (132) —— 1.10 (1.07-1.14)  <0.001 No 1217 (163) — 1.11(1.08-1.14)  <0.001
Yes 66 (12) —_— 1.15(1.06-1.25)  <0.001 Yes 66 (13) — 1.14(1.06-1.24)  <0.001
ACEI/ARB/ARNI 0.835 ACEI/ARB/ARNI 0.937
No 741 (123) —— 1.10 (1.07-1.13)  <0.001 No 741 (153) -— 1.10 (1.07-1.12)  <0.001
Yes 542 (21) — 1.11(1.02-1.20) 0012 Yes 542 (23) — 1.09 (1.01-1.18)  0.019
| B B R e e
08 2 13 08 2 13

09 1 11 1 09 1 11 1
Hazard Ratio Hazard Ratio

Figure 4 Subgroup analysis of the association between ACAG and all-cause mortality. (A) in-hospital mortality and (B) 30-day mortality.

Abbreviations: HR, Hazard Ratio; Cl, Confidence Interval; HTN, hypertension; CKD, chronic kidney disease; RRT, renal replacement therapy; ACEI, angiotensin converting
enzyme inhibitors; ARB, angiotensin Il receptor blockers; ARNI, angiotensin receptor-neprilysin inhibitor.

A B

Sensitivity
&
Sensitivity
°
3

— ACAG (AUC = 0.693) — ACAG (AUC = 0.680)

025 Aniongap (AUC = 0.571) 0.25 Aniongap (AUC = 0.574)
== Albumin (AUC = 0.640) == Albumin (AUC = 0.621)
0.00 0.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 075 1.00
1 - Specificity 1 - Specificity

Figure 5 ROC curves for predicting all-cause mortality. (A) in-hospital mortality and (B) 30-day mortality.
Abbreviations: AUC, area under the curve; ACAG, albumin-corrected anion gap.
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Table 3 Prognostic Accuracy of the ACAG, Anion Gap and Albumin

Model Cutoff | Sensitivity | Specificity | PPV | NPV | AUC (95% CI)

In-hospital mortality

ACAG 20.80 0.81 0.49 0.17 | 095 | 0.69 (0.65-0.74)
Anion gap 14.50 0.38 0.74 0.16 | 0.90 | 0.57 (0.52-0.62)
Albumin 3.15 0.66 0.58 0.07 | 0.84 | 0.64 (0.59-0.69)

30-day mortality

ACAG 20.73 0.79 0.49 020 | 0.94 | 0.68 (0.64-0.72)
Anion gap 14.50 0.38 0.75 0.19 | 0.88 | 0.57 (0.53-0.62)
Albumin 3.15 0.63 0.58 0.09 | 0.8l | 0.62 (0.57-0.67)

Abbreviations: PPV, positive predictive value; NPV, negative predictive value; AUC, area under the
curve; ACAG, albumin-corrected anion gap.

was numerically higher than that of anion gap (AUC = 0.571) and albumin (AUC = 0.640). Formal comparison using
DeLong’s test for correlated ROC curves revealed that ACAG’s discriminative performance was significantly superior to
that of anion gap (AAUC = 0.122, p< 0.001), but not statistically superior to albumin alone (AAUC = 0.053, p = 0.083).
Similarly, for 30-day mortality, ACAG (AUC = 0.680) exhibited significantly greater AUC values compared to both
anion gap (AAUC = 0.106, p < 0.001) and albumin (AAUC = 0.059, p = 0.037) (Tables 3 and S1). These quantitative
comparisons confirm the superior discriminative ability of the composite ACAG metric over its individual components,
particularly for 30-day mortality.

Discussion

This retrospective cohort study utilized data from 1283 patients in the MIMIC-IV database, representing the first study to
demonstrate a significant independent association between ACAG and mortality in patients with HF combined with
COPD. Our primary findings revealed that after comprehensive adjustment for demographic, clinical, and laboratory
confounding factors, each standard deviation increase in ACAG corresponded to a 7% increase in in-hospital mortality
risk. Furthermore, patients in the highest ACAG tertile (=23.5 mmol/L) had more than double the mortality risk
compared to those in the lowest tertile, with in-hospital mortality rates of 19.20% and 4.27%, respectively (p<0.001).
These associations remained robust across multiple sensitivity analyses and different patient subgroups, underscoring the
potential utility of ACAG as a readily available prognostic tool in this high-risk population.

The superior predictive performance of ACAG compared to its individual components warrants particular emphasis.
Our ROC curve analysis demonstrated that ACAG achieved an AUC of 0.693 for in-hospital mortality and 0.680 for 30-
day mortality, significantly outperforming both uncorrected anion gap (AUC 0.571 and 0.574, respectively) and albumin
alone (AUC 0.640 and 0.621, respectively). Formal comparison using DeLong’s test confirmed that ACAG demonstrated
significantly greater discriminative ability than anion gap for both outcome measures, underscoring the value of
integrating albumin to correct the anion gap. Relative to albumin alone, ACAG yielded consistently higher AUC values,
with the difference attaining statistical significance for 30-day mortality but not for in-hospital mortality. This lack of
significance for in-hospital mortality may reflect the lower number of in-hospital mortality events and the consequently
reduced statistical power, or it could be due to the greater clinical heterogeneity and influence of competing factors in
hospital-based outcomes, which might attenuate the prognostic signal of any single biomarker. Nevertheless, the
consistent trend and the significant improvement for 30-day mortality reinforce the concept that ACAG is a more robust
composite biomarker than either component alone. This enhanced discriminative ability reflects ACAG’s capacity to
simultaneously capture two critical pathophysiological domains: the accumulation of unmeasured anions (reflected in the
anion gap) and the nutritional/inflammatory status (reflected in albumin levels). In hypoalbuminemic patients, which
comprised a substantial proportion of our cohort (median albumin 3.20 g/dL), conventional anion gap systematically
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underestimates the true acid-base derangement by approximately 2.5 mmol/L for every 1 g/dL decrease in albumin.***!

By correcting for this artifact, ACAG provides a more accurate assessment of metabolic dysfunction and unmeasured
anion burden, thereby improving prognostic stratification.

Our finding that ACAG demonstrates a linear dose-response relationship with mortality, as confirmed by restricted
cubic spline analysis, has important clinical implications. This linear association suggests that ACAG functions as
a continuous risk marker rather than simply a threshold indicator, supporting its use for granular risk stratification rather
than binary classification. Notably, the relationship between ACAG and mortality persisted across all examined
subgroups, including patients stratified by age, sex, hypertension, chronic kidney disease, diabetes, renal replacement
therapy status, and ACEI/ARB/ARNI use, with no significant interactions detected. This consistency suggests that
ACAG’s prognostic value is independent of these common comorbidities and treatments, enhancing its generalizability
across the heterogeneous HF combined with COPD population.

The mechanistic underpinnings linking elevated ACAG to mortality in patients with HF combined with COPD are
multifaceted and reflect the convergence of several pathophysiological processes. First, tissue hypoperfusion resulting
from reduced cardiac output in heart failure leads to inadequate oxygen delivery, triggering anaerobic metabolism and
lactate accumulation.’*>* Second, pulmonary dysfunction in COPD contributes to ventilation-perfusion mismatch,
hypoxemia, and hypercapnia, further exacerbating cellular hypoxia and metabolic acidosis.>*>® Third, renal dysfunction,
present in 56.43% of our cohort, impairs the excretion of organic acids, sulfate, and phosphate, leading to their systemic
accumulation.>’® The prevalence of chronic kidney disease increased progressively across ACAG tertiles (47.39% in T1
versus 63.93% in T3), suggesting that renal impairment plays a pivotal role in ACAG elevation. Notably, emerging
evidence further supports the clinical relevance of ACAG in renal and cardiorenal syndromes. Recent studies have
demonstrated that elevated ACAG is independently associated with acute kidney injury and adverse outcomes in patients
with heart failure, underscoring a potential bidirectional interaction between acid-base disturbances, renal dysfunction,
and cardiovascular disease progression.>**® Fourth, systemic inflammation, a hallmark of both COPD and decompen-
sated heart failure, promotes the generation of inflammatory mediators and reactive oxygen species that interfere with
cellular metabolism and contribute to organ dysfunction.*'** Finally, the use of loop diuretics, which were administered
to 81.37% of our patients, can induce contraction alkalosis and electrolyte disturbances that paradoxically coexist with
metabolic acidosis from other sources, creating complex acid-base disorders that ACAG helps to unmask.*?

Beyond reflecting disease severity, elevated ACAG may directly contribute to adverse outcomes through several
mechanisms. Metabolic acidosis impairs myocardial contractility by reducing calcium sensitivity of contractile proteins
and inhibiting beta-adrenergic receptor responsiveness, potentially precipitating hemodynamic decompensation.***>
Acidosis also promotes arrhythmogenesis by altering ion channel function and prolonging action potential duration,
increasing susceptibility to ventricular tachyarrhythmias.*® Furthermore, acidemia induces pulmonary vasoconstriction,
thereby increasing right ventricular afterload, a particularly detrimental effect in patients with pre-existing COPD-related
pulmonary hypertension.*’*® At the cellular level, metabolic acidosis activates inflammatory cascades, enhances
oxidative stress, promotes apoptosis, and impairs mitochondrial function, collectively contributing to multi-organ
failure.**>® These direct pathophysiological effects underscore that ACAG is not merely a marker of illness severity
but potentially a mediator of adverse outcomes.

The baseline characteristics of our cohort provide additional insights into the pathobiology of ACAG elevation in
patients with HF combined with COPD. Patients with higher ACAG levels exhibited several features indicative of more
severe illness: elevated heart rate and respiratory rate, higher white blood cell counts and red cell distribution width,
increased serum creatinine and blood urea nitrogen, decreased hemoglobin and albumin levels, and higher SOFA and
SAPS 1II scores. Notably, the prevalence of diabetes increased across ACAG tertiles (45.73% in T1 versus 57.38% in T3),
while hypertension prevalence paradoxically decreased (58.77% versus 44.96%). This inverse relationship with hyper-
tension may reflect the competing effects of chronic antihypertensive medication use versus acute hemodynamic
decompensation, or potentially survivor bias whereby patients with more severe multimorbidity achieve less stringent
blood pressure control. The progressive increase in renal replacement therapy utilization across tertiles (2.37% in T1
versus 9.84% in T3) further emphasizes the critical role of kidney dysfunction in ACAG pathogenesis.
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The clinical implications of our findings are multifold. Our focus on the specific population of patients with HF
combined with COPD addresses an important gap in the literature, as previous ACAG studies predominantly examined
single-disease cohorts. ACAG represents an easily obtainable, cost-effective prognostic marker that requires no addi-
tional testing beyond routine electrolyte and albumin measurements universally performed in ICU patients. Its superior
predictive performance compared to conventional anion gap or albumin alone supports its preferential adoption in
clinical practice. Elevated ACAG levels, particularly values exceeding 23.5 mmol/L, may warrant increased clinical
attention and closer monitoring. However, given the modest discriminatory ability of ACAG alone (AUC<O0.7), it should
be interpreted in conjunction with other clinical parameters and biomarkers rather than used as a standalone predictor for
guiding therapeutic decisions. Such interventions might include optimization of cardiac output through inotropic support
or mechanical circulatory assistance, correction of hypoxemia through supplemental oxygen or ventilatory support,
judicious fluid management to balance volume status without exacerbating pulmonary congestion, and consideration of
renal replacement therapy in patients with severe metabolic acidosis and renal failure. Furthermore, ACAG assessment,
when integrated with other established prognostic indicators, may contribute to comprehensive risk evaluation and
facilitate discussions regarding patient prognosis. Nevertheless, its limited predictive accuracy as a single marker
suggests that clinical decisions should not rely solely on ACAG values.

Nevertheless, several limitations merit acknowledgment. First, the retrospective observational design precludes
definitive causal inference, as unmeasured confounding and selection bias cannot be entirely eliminated. Although we
adjusted for numerous covariates, residual confounding from variables not captured in the database, such as duration and
severity of chronic diseases, medication adherence, socioeconomic factors, and quality of care, may influence results.
Second, the discriminative ability of ACAG as a standalone predictor was modest, with an area under the receiver
operating characteristic curve (AUC) below 0.7 for the primary outcomes. This underscores that its clinical utility lies in
being integrated into a comprehensive assessment rather than being used in isolation. Third, ACAG values were derived
from laboratory measurements obtained within the first 24 hours of ICU admission, representing a single time point. We
did not examine the prognostic value of serial ACAG measurements or temporal trends, which might provide additional
insight into disease trajectory and treatment response. Dynamic changes in ACAG following interventions could
potentially offer greater prognostic discrimination than baseline values alone. Fourth, the database lacks detailed
characterization of heart failure phenotype (heart failure with reduced versus preserved ejection fraction) and COPD
severity (GOLD classification), limiting our ability to assess whether ACAG’s prognostic value varies according to these
disease-specific characteristics. Fifth, the specific causes of death were not systematically analyzed, precluding determi-
nation of whether ACAG preferentially predicts cardiovascular versus non-cardiovascular mortality. Finally, the study
population comprised exclusively patients from the United States, predominantly of white ethnicity (67.97%), potentially
limiting generalizability to other geographic and ethnic populations where disease epidemiology and healthcare delivery
may differ.

Future research should address several key questions. First, prospective multicenter validation studies encompassing
diverse geographic and demographic populations are necessary to confirm our findings and establish generalizable
ACAG thresholds for risk stratification. Second, investigations examining serial ACAG measurements and their relation-
ship to clinical trajectories could elucidate whether declining ACAG values indicate therapeutic response and improved
prognosis. Third, interventional trials evaluating whether targeting ACAG correction through specific therapeutic
strategies (eg, aggressive treatment of the underlying cause, bicarbonate administration, or renal replacement therapy)
improves outcomes would determine whether ACAG represents a modifiable risk factor versus merely a risk marker.
Fourth, metabolomic and proteomic studies identifying the specific unmeasured anions contributing to ACAG elevation
in patients with HF combined with COPD could reveal novel pathobiological insights and therapeutic targets. Fifth,
integration of ACAG with other established prognostic markers—including natriuretic peptides, troponin, lactate, and
clinical severity scores—into comprehensive risk prediction models could enhance prognostic accuracy beyond what any
single marker achieves. Finally, health economic analyses examining whether ACAG-guided risk stratification improves
resource allocation and cost-effectiveness would inform its incorporation into clinical practice guidelines.
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Conclusion

This study established a linear relationship between ACAG and both in-hospital and 30-day mortality in patients
diagnosed with HF and COPD. It is the first to highlight the prognostic significance of ACAG in critically ill patients
with HF and COPD, suggesting its potential role in risk stratification at admission. However, to support the validity of
these findings, larger-scale prospective studies with extended follow-up periods are necessary.
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