Association of Serum Anion Gap and Risk of Long-term Mortality in Patients Following Coronary Artery Bypass Grafting: A Propensity Score Matching Study
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Abstract
[bookmark: OLE_LINK7]Background: The present study aimed to explore the relationship between serum anion gap (AG) and long-term mortality in patients undergoing coronary artery bypass grafting (CABG).
Methods: Clinical variables were extracted among patients undergoing CABG from Medical Information Mart for Intensive Care III (MIMIC III) database. The primary outcome was four-year mortality following CABG. An optimal cut-off value of AG was determined by receiver operating characteristic (ROC) curve. The Kaplan-Meier (K-M) analysis and multivariate Cox hazard analysis were performed to investigate the prognostic value of AG in long-term mortality after CABG. In order to eliminate the bias between different groups, propensity score matching (PSM) was conducted to validate the findings.
Results: The optimal cut-off value of AG was 17.00 mmol/L. Then a total of 3,162 eligible patients enrolled in this study were divided into a high AG group (≥17.00, n=1,022) and a low AG group (<17.00, n=2,140). A lower survival rate was identified in the high AG group based on K-M curve (p<0.001). Compared with patients in the low AG group, patients in the high AG group had an increased risk of long-term mortality [One-year: HR 2.309, 95% CI (1.672-3.187), P<0.001; two-year: HR 1.813, 95% CI (1.401-2.346), P<0.001; three-year: HR 1.667, 95% CI (1.341-2.097), P<0.001; four-year: HR 1.710, 95% CI (1.401-2.087), P<0.001] according to multivariate Cox hazard analysis. And further validation of above results were consistent in the matched cohort after PSM.
Conclusions: The AG is an independent predictive factor for long-term all-cause mortality in patients following CABG, where a high AG value is associated with an increased mortality.
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[bookmark: OLE_LINK17]Introduction
[bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK4][bookmark: OLE_LINK3][bookmark: OLE_LINK29]Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality worldwide[1]. It is reported that coronary artery disease (CAD) affects approximately 126 million individuals globally, which accounts for about 1.72% of world population[2]. In the United States, around 720,000 patients are hospitalized or die each year due to a first myocardial infarction[3]. Coronary artery bypass grafting (CABG), one of the most effective options for coronary revascularization, could help to re-establish adequate blood flow, reverse myocardial dormancy, and prevent future ischemia and infarction[4]. The purpose of surgical revascularization is to maximally improve long-term survival. However, patients undergoing CABG remain to suffer from a high risk for long-term cardiovascular adverse events and premature death[5].
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]As a classic clinical biomarker for evaluating acid-base balance, serum anion gap (AG) has been utilized in clinical practice for more than 50 years[6, 7]. And several studies have demonstrated a relationship between AG and prognosis in critically ill patients[8-10]. In addition, a higher AG has also been shown associated with mortality in cardiovascular diseases such as aortic aneurysm, CAD and congestive heart failure (CHF)[11-13]. Sahu et al. found that an initial anion gap acidosis was associated with the risk of death of acute myocardial infarction (AMI)[14]. Another study by Zhang and his colleagues revealed a J-shaped relationship between the AG and 30-day all-cause mortality in critically ill patients with cardiogenic shock[15].
To the best of our knowledge, no research to date has specially focused the prognostic value of the AG in patients following CABG. Furthermore, the establishment of risk scores or clinical-related predictors might be beneficial to cardiovascular surgeons in identifying high-risk individuals after surgical revascularization for intense follow-up and timely intervention[16]. In this retrospective cohort study, we aimed to evaluate whether AG was independently related to long-term all-cause mortality of patients following CABG.
[bookmark: OLE_LINK20][bookmark: OLE_LINK19]
Materials and Methods
Data Source 
Data analyzed in this retrospective study were obtained from the Medical Information Mart for Intensive Care III (MIMIC III) database. This is a large and publicly available critical care database including clinical information from more than 40,000 patients who stayed at the Beth Israel Deaconess Medical Center between 2001 and 2012[17]. After finishing an online training under the Collaborative Institutional Training Initiative (CITI) program of the National Institutes of Health (NIH), the access to the database was approved by the institutional review boards of the Massachusetts Institute of Technology (Cambridge, MA, USA) (Record ID: 36309330). Since all subjects in the database were anonymous, informed consent was not required. 

Study population
Patients undergoing coronary artery bypass grafting (CABG) were enrolled in this study from MIMIC III database. The exclusion criteria were as follows: (1) patients with repeated ICU admission (n=404); (2) patients older than 89 years (n=42); (3) No anion gap (AG) recorded during hospital admission (n=81); (4) patients in the metavision system (n=1,666); (5) missing > 5% individual data (n=56). Finally, a total of 3,162 patients postoperatively followed-up for at least 4 years were enrolled in the study.

Data extraction and Outcomes
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]The data were extracted by using the Structure Query Language (SQL), and pgAdmin4 was employed as a database management system. The variables in this study comprised several parts: (1) demographics: age, gender, height and weight; (2) vital signs: heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP), respiratory rate and SpO2; (3) comorbidities: hypertension, chronic pulmonary disease, diabetes, hyperlipidemia, heart failure (HF), chronic kidney disease (CKD), atrial fibrillation (AF), AMI and urgency of CABG; (4) laboratory and echocardiographic parameters: white blood cell (WBC), hemoglobin, hematocrit, blood urea nitrogen (BUN), platelet, glucose, chloride, sodium, potassium, bicarbonate and left ventricular ejection fraction (LVEF); (5) scoring systems: sequential organ failure assessment (SOFA), acute physiology score III (APS III) and systemic inflammatory response syndrome (SIRS); (6) concomitant procedures: valvular surgery and other cardiac surgeries; (7) perioperative events: extracorporeal membrane oxygenation (ECMO), intra-aortic balloon pump (IABP) and acute kidney injury (AKI). The above laboratory parameters from the first laboratory results were used for analysis. The body mass index (BMI) is defined as the body mass divided by the square of the body height. And the AG including initial AG (AGinitial), minimum AG (AGmin) and maximum AG (AGmax) during hospital admission were incorporated into the research. Missing values for all continuous variables were less than 5% and were replaced by median values.
The primary outcome was all-cause mortality at four-year follow-up in patients after CABG. And the length of ICU stay, one-year mortality, two-year mortality and three-year mortality following CABG were considered as the secondary outcomes.

Statistical analysis
Continuous variables were presented as mean ± standard deviations (SD) for normally distributed data and median with interquartile range (IQR) for non-normally distributed data. Categorical variables were presented as numbers with proportions. Comparison between groups were conducted using t-test or Mann-Whitney U-test for continuous variables and chi-square or Fisher’s exact tests for categorical variables. An optimal cut-off value of AG for four-year all-cause mortality was determined by the receiver operating characteristic (ROC) curve. Propensity score matching (PSM) was applied to adjust the imbalance of baseline characteristics between different groups. In this study, a one-to-one nearest neighbor matching algorithm was used with a caliper width of 0.03 for the entire cohort and 0.01 for the cohort with LVEF records. And covariates including demographics, vital signs, comorbidities, laboratory and echocardiographic parameters and, scoring systems, concomitant procedures and perioperative events were finally adjusted.
In both unmatched and matched cohort, survival curves were estimated using the Kaplan-Meier (K-M) method and compared using the log-rank test. Cox proportional hazards models were used for the univariable and multivariable analyses to identify independent prognostic factors for long-term mortality (one-year, two-year, three-year and four-year mortality) among patients following CABG. In model 1, the covariates were not adjusted. In model 2, age, sex and BMI were adjusted. In model 3 age, sex, BMI, chronic pulmonary disease, hyperlipidemia, HF, hemoglobin, BUN, chloride, SOFA score, APS III score, ECMO, IABP and AKI were further adjusted in the entire cohort and age, sex, BMI, chronic pulmonary disease, hyperlipidemia, HF, hemoglobin, chloride, LVEF, APS III score, ECMO, IABP and AKI were adjusted in the cohort with LVEF records. Subgroup analysis was conducted using a stratified Cox proportional-hazards regression model to further confirm our findings. And P for interaction was also calculated. ROC curves were used to determine the predictive performance of AG for four-year mortality in unmatched and matched cohort, respectively. Finally, the decision curve analysis (DCA) was performed to evaluate the potential clinical usefulness and benefits of the AG.
All statistically analysis was performed by STATA V.14.0, SPSS Statistics 25 (IBM, Chicago, IL), RStudio software (Version 1.2.5001) and GraphPad Prism 8. All tests were two-sided and a p-valve < 0.05 was considered statistically significant. 

Results
Patient characteristics
A total of 3,162 patients who met the selection criteria were enrolled in our study (Figure 1), of which 494 patients died at four-year follow-up. The patient characteristics of survivors and non-survivors were shown in the Table 1. AG values including AGinitial (13.00 vs 14.00, P<0.001), AGmin (10.00 vs 11.00, P<0.001) and AGmax (15.00 vs 17.00, P<0.001) were higher in non-survivors compared to those in survivors (Table 1 and Figure 2). And non-survivors were older and more likely to have chronic pulmonary disease, HF, CKD, AF, as well as a higher level of SBP, BUN, platelet, glucose, SOFA score, APS III score. Compared with survivors, non-survivors were more likely to receive valular surgery (6.68% vs. 2.92%, P<0.001), ECMO (1.62% vs. 0.04%, P<0.001), and IABP (21.64% vs. 10.01%, P<0.001). Besides, AKI tended to occur more often in the non-survivors (51.01% vs 26.54%, p<0.001). The ROC curves were present and areas under the curves (AUCs) were calculated to compare the predictive ability among AGinitial, AGmin, AGmax for four-year mortality in CABG patients (Figure 3A). AGmax [0.7078, 95% CI (0.6822-0.7334), p<0.001] exhibited better predictive value when compared with AGinitial [0.6249, 95% CI (0.5971-0.6527), p<0.001] and AGmin [0.5522, 95% CI (0.5237-0.5808), p=0.002] in the entire cohort. Thus, further study was conducted based on the maximum value of AG.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]The optimal cut-off value of AGmax, determined by ROC curve, was 17.00 mmol/L. Then the patients were categorized into a low AGmax group (<17.00, n=2,140) and a high AGmax group (≥17.00, n=1,022). The AGmax were referred to hereafter as AG. The patient characteristics of two groups were shown in the Table 2. Patients in the high AG group tended to be older (p=0.003) and had a higher incidence of chronic pulmonary disease (p=0.007), diabetes (p<0.001), HF (p<0.001), CKD (p<0.001), AF (p<0.001), AMI (p<0.001) and AKI (p<0.001), with higher levels of SBP, hematocrit, BUN, platelet, glucose, SOFA score and APS III score (All p<0.001). In addition, concomitant surgery (p<0.001 for valvular surgery and p=0.006 for other cardiac surgeries), ECMO (p=0.001) and IABP (p<0.001) were applied more frequently in the high AG group.

Prognostic Role of AG before PSM 
Compared with the low AG group, patients in the high AG group had a longer duration of ICU stay [7.67 (4.02-16.72) vs 3.32 (2.16-5.44), p<0.001] and a higher rate of hospital mortality (4.50% vs 0.37%, p<0.001), one-year mortality (14.58% vs 3.04%, p<0.001), two-year mortality (18.30% vs 5.47%, p<0.001), three-year mortality (22.80% vs 7.62%, p<0.001) and four-year mortality (27.79% vs 9.81%, p<0.001) (Table 2). Besides, comparing the K-M curves of patients in the high AG group and patients in the low group, it was revealed that a higher AG was associated with lower survival probability at four-year follow-up (p<0.001) (Figure 3B).
The univariate Cox regression analysis indicated that patients in the high AG group were related to an increased long-term mortality [one-year: HR 5.140, 95% CI (3.841-6.879), P<0.001; two-year: HR 3.659, 95% CI (2.904-4.611), P<0.001; three-year: HR 3.331, 95% CI (2.726-4.069), P<0.001; four-year: HR 3.209, 95% CI (2.685-3.836), P<0.001] (Table 3). These results were further validated using multivariate analyses. A high AG could be an independent predictive factor for long-term mortality [One-year: HR 2.309, 95% CI (1.672-3.187), P<0.001; two-year: HR 1.813, 95% CI (1.401-2.346), P<0.001; three-year: HR 1.667, 95% CI (1.341-2.097), P<0.001; four-year: HR 1.710, 95% CI (1.401-2.087), P<0.001] in entire cohort after adjusting for age, sex, BMI, chronic pulmonary disease, hyperlipidemia, HF, hemoglobin, BUN, chloride, SOFA score, APS III score, ECMO, IABP and AKI.(Table 3).
In order to confirm whether AG had a prognostic power in different subgroups, subgroup analysis was conducted. As shown in Figure 4, no significant interaction was found and AG was an independent prognostic factor in all subgroups. 

Prognostic Role of AG after PSM
A 1:1 ratio PSM was applied to reduce confounding biases because of imbalanced baseline characteristics between two groups. After PSM, the covariates of 768 cases in each group did not significantly differ (Table 2). The matched results also indicated a significantly longer length of ICU stay [3.28 (1.91-6.50) vs 2.85 (1.31-4.27), p<0.001] and a higher long-term mortality [Hospital mortality: 2.86% vs 0.52%, p<0.001; one-year mortality: 9.64% vs 4.95%, p<0.001; two-year mortality: 13.15% vs 8.46%, p=0.003; three-year mortality: 17.06% vs 12.24%, p=0.008; four-year mortality: 21.35% vs 14.71%, p<0.001] in the high AG group.
In matched cohort, the AUC of AG for four-year mortality was 0.6299 [95% CI (0.5936-0.6662), p<0.001] (Figure 3C). In addition, a lower survival rate could be observed in the high AG group in K-M analysis (p<0.001) (Figure 3D). The results of univariate Cox regression analysis in patients after PSM demonstrated that a higher AG value could still be used as an independent predictor of higher long-term mortality [One-year: HR 2.010, 95% CI (1.359-2.972), P<0.001; two-year: HR 1.614, 95% CI (1.182-2.205), P=0.003; three-year: HR 1.455, 95% CI (1.116-1.896), P=0.006; four-year: HR 1.521, 95% CI (1.197-1.933), P<0.001](Table 3).

Prognostic Role of AG in Patients with Documented LVEF
[bookmark: OLE_LINK33]Consider the poor long-term outcomes may result from a reduced cardiac function, we further analyzed the correlation between the AG and four-year mortality in patients with documented LVEF (n=1181). In the matched cohort, patients with an AG≥17 were still at higher risk of prolonged ICU stay [3.15 (1.83-6.12) vs 2.93 (1.30-4.82), p=0.010], one-year mortality (13.24 vs 5.48%, p=0.005) and four-year mortality (23.29 vs. 15.53%, p=0.040) (Supplemental Table 1), while the two- and three-year mortality rates increased without significant difference.
As shown in Supplemental Table 2, the results of multivariate Cox regression analysis in patients with documented LVEF were similar as before. Patients in the high AG group had significantly higher four-year mortality compared to patients in the low AG group [Model 1: HR 3.606, 95% CI (2.712-4.795), P<0.001; Model 2: HR 3.627, 95% CI (2.720-4.836), P<0.001; Model 3: HR 2.032, 95% CI (1.479-2.793), P<0.001; Matched cohort: HR 1.594, 95% CI (1.033-2.460), P=0.035].
The K-M survival curves for four-year mortality were shown in Supplementary Figure 1, indicating a significant four-year survival disadvantage in the high-AG group before (p<0.001) and after PSM (p=0.034).

Clinical Usefulness of AG
A DCA was conducted to evaluate the clinical application of AG for four-year all-cause mortality (Figure 5). According to the DCA, the AG added more benefit than “treat all” or “treat none” strategies both in unmatched and matched cohort when the threshold probability for CABG patients was within the range of 0-100%. Therefore, clinical usefulness of AG could be identified based on these results.

Discussion
CAD is the leading cause of all health losses in all regions of the world[18]. It is reported that the 5-year survival rate of elderly patients assigned to off-pump CABG is only 69%, and for on-pump CABG is 70%[19]. Unfortunately, there is a lack of objective clinical indicators to predict the long-term prognosis of patients after CABG. Various laboratory tests are often used clinically to assess the condition of patients, but the relationship between these indicators and long-term prognosis with CABG has rarely been studied. Hence, it is necessary and valuable to search for effective laboratory indicators associated with long-term mortality in patients undergoing CABG.
[bookmark: OLE_LINK9][bookmark: OLE_LINK8]In the current study, we sought to explore the relationship between AG and long-term outcomes of patients following CABG. By retrospectively recruiting 3,162 eligible CABG patients from a large and freely available critical care database, we found out that a higher AG (≥17) was associated with a higher risk of four-year mortality in CABG patients. Further regression analysis suggested that AG was an independent predictor of long-term mortality. In addition, AG still had predictive value after adjustment for covariates by PSM and the K-M curve also presented a poorer long-term survival in the high AG group. Perioperative cardiac function and AKI in CABG patients have an impact on prognosis and can cause metabolic acidosis as well as elevated AG[20-23]. To further confirm the independent predictive ability of AG, we analyzed the data of 1181 patients who had records of LVEF. The results were generally consistent with those in the entire cohort after balancing confounding variables including LVEF and AKI. Thus, our results suggested that AG might be a promising predictor for identifying patients at high risk of long-term mortality following CABG and could be incorporated into a long-term survival predictive model.
[bookmark: OLE_LINK12][bookmark: OLE_LINK10][bookmark: OLE_LINK14][bookmark: OLE_LINK13]AG, one of the hematological parameters in the routine examination of inpatients, is easy to calculate and obtain[24]. As early as 2001, Li et al. found that elevation of AG was more common among 6,868 hospitalized patients, with a total of 37.6% having elevated AG, but only 2.9% having decreased AG[25]. And the association between AG and clinical outcomes of cardiovascular diseases has gained attention in recent years. Sahu and his colleagues found out that the initial AG was a predictor of in-hospital mortality in patients with AMI[14]. In patients with congestive heart failure (CHF), Tang et al. demonstrated that AG at admission could be a efficacious predictor for thirty-day all-cause mortality[13]. Moreover, a higher AG was associated with more severe clinical types of CAD and worse cardiac function based on a large population-based study[26]. Similarly, our results showed that AG was associated with long-term all-cause mortality of CABG patients independently, and its good predictive capacity and clinical usefulness were identified by ROC curve and DCA.
[bookmark: OLE_LINK15][bookmark: OLE_LINK27][bookmark: OLE_LINK28]Excessive production of organic acid anions and/or a concomitant decrease in anion excretion are the most common causes of elevated AG, while equivalent changes in total protein, phosphorus, potassium and calcium are less common causes[27]. Of note, the lactate and ketone ion levels contribute the most to elevation of AG[28]. The stress response to surgery, the use of beta-adrenergic agonists, systemic inflammation reaction, and lactate load from blood transfusion all contribute to elevated lactate levels in patients undergoing cardiac surgery[29, 30]. Besides, end-organ hypoperfusion is not uncommon after cardiac surgery which might be a resource of lactic acidosis. And lactic acidosis also increases whole blood viscosity and hematocrit, leading to exacerbate hypoperfusion[31]. Recent study claimed that hyperlactemia could predict surgical mortality in patients presenting with acute Stanford type-A aortic dissection[32]. Meanwhile, lactic acidosis leads to coagulation dysfunction in CABG patients with a significantly increased risk of bleeding and poor prognosis. As reported by Fransson et al., bleeding caused by coagulopathy contributed to intraoperative death of ruptured abdominal aortic aneurysm (AAA) patients[33]. Elevation of blood ketone bodies in CHF is proportional to the severity of cardiac dysfunction and neurohormonal activation[34]. And significantly elevated blood ketone levels could also be found in patients with acute coronary syndrome (ACS)[15]. In addition, elevated AG levels were associated with low cardiorespiratory fitness and decreased renal function, especially in the elderly[35]. Abnormal renal function such as acute kidney injury (AKI) is common after cardiac surgery and is associated with a significant increase in short- and long-term morbidity, mortality and treatment costs[36-38].
[bookmark: OLE_LINK11]In summary, this was the first study based on a well-established database to investigate the impact of AG on the long-term prognosis of patients undergoing CABG. Several limitations should be considered in this study. First, this was a single-center retrospective study based on the MIMIC III database, and inherent and selection bias was inevitable. The findings should be further investigated by multi-center prospective studies. Second, due to the limitation of database, some important intraoperative and postoperative data such as cardiac index and low cardiac output were not available in this study. Third, the AG might appear falsely “normal” due to the charged albumin. However, a large number of patients were admitted without albumin results, which could lead to selection bias. The albumin correction on the serum AG was not performed in this study. Fourth, although we used PSM to balance the covariates between different groups, confounders still existed which were not included. Lastly, we explored the association between AG and long-term mortality. However, some important clinical outcomes such as readmission events were not taken into consideration. 

Conclusions
[bookmark: OLE_LINK30]In this study, we firstly demonstrated that perioperative AG value could serve as an independent predictive factor for long-term mortality in patients following CABG, with good discrimination and clinical usefulness. AG is an easily accessible parameter that could help clinicians identify high-risk patients from the population for long-term follow-up.
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Figure legends
Figure 1. Flowchart of study patient selection. ICU: intensive care unit; CABG: coronary artery bypass grafting; LVEF: left ventricular ejection fraction; AG: anion gap.
Figure 2. Comparison of AG levels between survivors and non-survivors at four-year follow-up. The median (interquartile range) AG values are statistically higher in non-survivors than those in survivors. AG: anion gap; AGinitial, initial anion gap; AGmin, minimum anion gap; AGmax, maximum anion gap. *p<0.001.
Figure 3. The ROC and K-M curves of AG for four-year mortality in CBAG patients. The ROC curves showed a great predictive value of AGmax for four-year mortality both in unmatched (A) and matched cohort (C). K-M curves indicated a lower survival probability in higher AG group both in unmatched (B) and matched cohort (D). P-value was calculated by log-rank test and indicated in the plot. ROC, receiver operating characteristic; K-M curve, Kaplan-Meier curve; CABG, coronary artery bypass grafting; AGmax, maximum anion gap; AG, anion gap.
Figure 4. Multivariate-adjusted HRs and 95% CIs for four-year all-cause mortality in patients with high AG values versus low AG values according to subgroups of baseline characteristics. HR, hazard ratio; CI, confidence interval; AG, anion gap.
Figure 5. Decision curve analysis of AG for four-year mortality in CABG patients to detect its clinical usefulness in the entire cohort. AG, anion gap; CABG, coronary artery bypass grafting.
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Table 1 Patient characteristics of survivors and non-survivors at four-year follow-up.
	Characteristics
	Survivors (n=2668)
	Non-survivors (n=494)
	P value

	Age (years)
	67.01 (58.80, 74.49)
	75.11 (67.62, 80.57)
	<0.001

	Male, n (%)
	2000 (74.96%)
	333 (67.41%)
	<0.001

	Body mass index (kg/m2)
	28.03 (25.09, 31.78)
	26.89 (23.46, 31.38)
	<0.001

	Admission type, n (%)
	
	
	<0.001

	  Elective
	1550 (58.10%)
	336 (68.02%)
	

	  Emergency 
	158 (5.92%)
	31 (6.28%)
	

	  Urgent
	960 (35.98%)
	127 (25.71%)
	

	Vital signs
	
	
	

	Heart Rate (beats/minute)
	85.28 (79.46, 91.13)
	84.97 (78.59, 90.39)
	0.268

	SBP (mmHg)
	111.33 (105.94, 118.78)
	112.94 (106.12, 121.29)
	0.024

	DBP (mmHg)
	56.45 (52.94, 60.64)
	54.75 (50.24, 59.57)
		<0.001




	Respiratory Rate (beats/minute)
	16.69 (15.08, 18.69)
	16.69 (14.83, 19.07)
	0.941

	SpO2 (%)
	98.29 (97.38, 99.02)
	98.20 (97.26, 98.97)
	0.168

	Comorbidities, n (%)
	
	
	

	Hypertension
	1846 (69.19%)
	254 (51.42%)
	<0.001

	Chronic pulmonary disease
	302 (11.32%)
	98 (19.84%)
	<0.001

	Diabetes
	992 (37.18%)
	206 (41.70%)
	0.057

	Hyperlipidemia
	1620 (60.72%)
	186 (37.65%)
	<0.001

	Heart failure
	568 (21.29%)
	247 (50.00%)
	<0.001

	Chronic kidney disease
	100 (3.75%)
	50 (10.12%)
	<0.001

	Atrial fibrillation
	935 (35.04%)
	255 (51.62%)
	<0.001

	Acute myocardial infarction
	631 (23.65%)
	177 (35.83%)
	<0.001

	Laboratory parameters
	
	
	

	White blood cell (K/μL)
	9.65 (7.50, 12.78)
	9.55 (7.48, 12.80)
	0.635

	Hemoglobin (g/dL)
	12.40 (10.90, 13.70)
	11.40 (10.40, 12.80)
		<0.001




	Hematocrit (%)
	33.70 (28.90, 38.20)
	33.00 (29.10, 36.60)
	0.026

	Blood urea nitrogen (mg/dL)
	16.00 (13.00, 21.00)
	23.00 (16.00, 34.00)
		<0.001




	Platelet (K/uL)
	191.00 (147.00, 243.00)
	202.50 (156.00, 255.25)
	0.008

	Glucose (mg/dL)
	121.00 (102.00, 152.00)
	124.00 (103.00, 166.00)
	0.044

	Chloride (mmol/L)
	105.00 (103.00, 109.00)
	104.00 (100.75, 107.00)
		<0.001




	Sodium (mmol/L)
	139.00 (137.00, 140.00)
	138.50 (136.00, 140.00)
	0.029

	Potassium (mmol/L)
	4.10 (3.90, 4.50)
	4.20 (3.90, 4.60)
	0.148

	Bicarbonate (mmol/L)
	4.20 (3.90, 4.50)
	4.20 (3.90, 4.70)
	0.251

	Scoring systems
	
	
	

	SOFA scores
	4.00 (3.00, 6.00)
	5.00 (3.00, 8.00)
		<0.001




	APS III scores
	33.00 (26.00, 41.00)
	41.00 (32.00, 53.25)
		<0.001




	SIRS scores
	3.00 (3.00, 4.00)
	3.00 (3.00, 4.00)
	0.890

	Concomitant procedures, n (%)
	
	
	

	Valvular surgery
	78 (2.92%)
	33 (6.68%)
	<0.001

	Others
	114 (4.27%)
	26 (5.26%)
	0.326

	Perioperative intervention, n (%)
	
	
	

	ECMO
	1 (0.04%)
	8 (1.62%)
	<0.001

	IABP
	267 (10.01%)
	106 (21.64%)
	<0.001

	Acute kidney injury, n (%)
	708 (26.54%)
	252 (51.01%)
	<0.001

	Anion Gap initial
	13.00 (11.00, 15.00)
	14.00 (12.00, 16.00)
	<0.001

	Anion Gap min
	10.00 (9.00, 12.00)
	11.00 (9.00, 12.00)
	<0.001

	Anion Gap max
	15.00 (14.00, 17.00)
	17.00 (15.00, 20.00)
	<0.001


Normally distributed data are presented as the mean ± SD; non-normally distributed data are presented as median (IQR), and categorical variables are presented as n (%). P values were calculated based on t-test or Mann-Whitney U test for continuous variables, and chi-square test or Fisher’s exact test for categorical variables.
SBP: systolic blood pressure; DBP: diastolic blood pressure; SOFA: sequential organ failure assessment; APS III: acute physiology score III; SIRS: systemic inflammatory response syndrome, ECMO: extracorporeal membrane oxygenation, IABP: intra-aortic balloon pump.











































Table 2 Comparisons of baseline characteristics between the unmatched cohort and matched cohort.
	Characteristics
	Unmatched Cohort 
	
	Matched Cohort

	
	Low AG Group
(<17mmol/L) (n=2140)
	High AG Group
(≥17mmol/L) (n=1022)
	P 
value
	
	Low AG Group
(＜17mmol/L) (n=768)
	High AG Group 
(≥17mmol/L) (n=768)
	P value

	Age (years)
	75.61 (67.79, 80.90)
	76.54 (69.23, 82.09)
	0.003
	
	69.34 (59.56, 76.98)
	68.95 (60.85, 76.57)
	0.909

	Male, n (%)
	1625 (75.93%)
	708 (69.28%)
	<0.001
	
	552 (50.14%)
	549 (49.86%)
	0.865

	Body mass index (kg/m2)
	31.41 (27.75, 35.49)
	32.23 (28.28, 36.21)
	0.053
	
	28.08 (24.65, 31.69)
	28.35 (24.99, 32.14)
	0.490

	Admission type, n (%)
	
	
	<0.001
	
	
	
	0.183

	  Elective
	1166 (54.49%)
	720 (70.45%)
	
	
	525 (50.43%)
	516 (49.57%)
	

	  Emergency 
	109 (5.09%)
	80 (7.83%)
	
	
	43 (41.35%)
	61 (58.65%)
	

	  Urgent
	865 (40.42%)
	222 (21.72%)
	
	
	200 (51.15%)
	191 (48.85%)
	

	Vital signs
	
	
	
	
	
	
	

	Heart Rate (beats/min)
	90.55 (85.07, 97.10)
	92.38 (85.47, 100.16)
	0.135
	
	85.48 (79.42, 91.12)
	85.38 (79.33, 91.92)
	0.918

	SBP (mmHg)
	118.03 (111.03, 125.67)
	121.00 (112.72, 128.93)
	<0.001
	
	113.14 (107.03, 120.48)
	112.52 (106.74, 120.89)
	0.595

	DBP (mmHg)
	60.36 (56.25, 64.54)
	60.94 (56.28, 65.54)
	0.850
	
	56.48 (52.68, 60.82)
	56.45 (52.76, 60.97)
	0.871

	Respiratory Rate (beats/min)
	18.54 (16.64, 20.46)
	19.15 (16.78, 21.13)
	0.126
	
	16.80 (15.31, 18.71)
	16.69 (14.89, 19.04)
	0.397

	SpO2 (%)
	99.08 (98.34, 99.52)
	98.90 (98.12, 99.46)
	<0.001
	
	98.17 (97.24, 98.90)
	98.18 (97.23, 98.92)
	0.920

	Comorbidities, n (%)
	
	
	
	
	
	
	

	Hypertension
	1526 (71.31%)
	574 (56.16%)
	<0.001
	
	496 (50.15%)
	493 (49.85%)
	0.873

	Chronic pulmonary disease
	247 (11.54%)
	153 (14.97%)
	0.007
	
	106 (48.85%)
	111 (51.15%)
	0.714

	Diabetes
	731 (34.16%)
	467 (45.69%)
	<0.001
	
	328 (50.93%)
	316 (49.07%)
	0.535

	Hyperlipidemia
	1334 (62.34%)
	472 (46.18%)
	<0.001
	
	411 (50.99%)
	395 (49.01%)
	0.414

	Heart failure
	402 (18.79%)
	413 (40.41%)
	<0.001
	
	242 (50.00%)
	242 (50.00%)
	1.000

	Chronic kidney disease
	59 (2.76%)
	91 (8.90%)
	<0.001
	
	38 (45.24%)
	46 (54.76%)
	0.369

	Atrial fibrillation
	740 (34.58%)
	450 (44.03%)
	<0.001
	
	320 (49.46%)
	327 (50.54%)
	0.718

	Acute myocardial infarction
	431 (20.14%)
	377 (36.89%)
	<0.001
	
	239 (50.53%)
	234 (49.47%)
	0.782

	Laboratory parameters
	
	
	
	
	
	
	

	White blood cell (K/μL)
	12.70 (9.60, 16.69)
	12.83 (9.70, 16.57)
	0.987
	
	9.20 (7.30, 12.48)
	9.55 (7.30, 12.40)
	0.824

	Hemoglobin (g/dL)
	13.70 (12.40, 14.70)
	13.50 (12.00, 14.60)
	<0.001
	
	12.20 (10.90, 13.60)
	12.30 (10.83, 13.60)
	0.737

	Hematocrit (%)
	37.80 (33.20, 41.30)
	38.23 (34.00, 41.80)
	<0.001
	
	34.20 (30.30, 38.40)
	34.40 (29.80, 38.60)
	0.811

	Blood urea nitrogen (mg/dL)
	20.00 (16.00, 26.00)
	30.00 (21.00, 45.00)
	<0.001
	
	18.00 (14.00, 24.00)
	18.00 (14.00, 25.00)
	0.263

	Platelet (K/uL)
	236.00 (185.00, 284.00)
	263.00 (209.00, 324.70)
	<0.001
	
	200.00 (153.00, 249.00)
	204.00 (158.00, 257.00)
	0.360

	Glucose (mg/dL)
	147.00 (117.00, 189.00)
	173.00 (130.50, 237.70)
	<0.001
	
	123.00 (102.25, 163.00)
	125.00 (103.00, 162.00)
	0.413

	Chloride (mmol/L)
	109.00 (106.00, 112.00)
	107.00 (104.00, 110.00)
	<0.001
	
	105.00 (102.00, 107.00)
	104.00 (102.00, 107.00)
	0.209

	Sodium (mmol/L)
	140.00 (139.00, 142.00)
	141.00 (139.00, 142.00)
	0.877
	
	139.00 (137.00, 141.00)
	139.00 (137.00, 141.00)
	0.888

	Potassium (mmol/L)
	4.50 (4.10, 5.00)
	4.60 (4.20, 5.10)
	0.058
	
	4.20 (3.90, 4.50)
	4.20 (3.90, 4.50)
	0.971

	Bicarbonate (mmol/L)
	4.50 (4.20, 5.00)
	4.60 (4.20, 5.10)
	0.198
	
	4.20 (3.90, 4.60)
	4.20 (3.90, 4.50)
	0.762

	Scoring systems
	
	
	
	
	
	
	

	SOFA scores
	6.00 (4.00, 7.00)
	7.00 (5.00, 9.00)
	<0.001
	
	4.00 (3.00, 6.00)
	5.00 (3.00, 6.00)
	0.263

	APS III scores
	40.00 (32.00,  53.00)
	49.25 (38.00, 65.00)
	<0.001
	
	35.00 (28.00, 43.00)
	35.00 (28.00, 44.00)
	0.642

	SIRS scores
	4.00 (3.00, 4.00)
	4.00 (3.00, 4.00)
	0.340
	
	3.00 (3.00, 4.00)
	3.00 (3.00, 4.00)
	0.617

	Concomitant procedures, n (%)
	
	
	
	
	
	
	

	  Valvular surgery
	57 (2.66%)
	54 (5.28%)
	<0.001
	
	33 (50.77%)
	32 (49.23%)
	0.899

	Others
	80 (3.74%)
	60 (5.87%)
	0.006
	
	38 (49.35%)
	39 (50.65%)
	0.907

	Perioperative intervention, n (%)
	
	
	
	
	
	
	

	ECMO
	1 (0.05%)
	8 (0.78%)
	0.001
	
	1 (0.13%)
	0 (0.00%)
	1.000

	IABP
	181 (8.46%)
	192 (18.79%)
	<0.001
	
	101 (49.03%)
	105 (50.97%)
	0.765

	Acute kidney injury, n (%)
	481 (22.48%)
	479 (46.87%)
	<0.001
	
	271 (49.27%)
	279 (50.73%)
	0.670

	Outcomes
	
	
	
	
	
	
	

	ICU stay, days
	3.32 (2.16, 5.44)
	7.67 (4.02, 16.27)
	<0.001
	
	2.85 (1.31, 4.27)
	3.28 (1.91, 6.50)
	<0.001

	Hospital mortality, n (%)
	8 (0.37%)
	46 (4.50%)
	<0.001
	
	4 (0.52%)
	22 (2.86%)
	<0.001

	1-year mortality, n (%)
	65 (3.04%)
	149 (14.58%)
	<0.001
	
	38 (4.95%)
	74 (9.64%)
	<0.001

	2-year mortality, n (%)
	117 (5.47%)
	187 (18.30%)
	<0.001
	
	65 (8.46%)
	101 (13.15%)
	0.003

	3-year mortality, n (%)
	163 (7.62%)
	233 (22.80%)
	<0.001
	
	94 (12.24%)
	131 (17.06%)
	0.008

	4-year mortality, n (%)
	210 (9.81%)
	284 (27.79%)
	<0.001
	
	113 (14.71%)
	164 (21.35%)
	<0.001


Normally distributed data are presented as the mean ± SD; non-normally distributed data are presented as median (IQR), and categorical variables are presented as n (%). P values were calculated based on t-test or Mann-Whitney U test for continuous variables, and chi-square test or Fisher’s exact test for categorical variables.
AG: anion gap; SBP: systolic blood pressure; DBP: diastolic blood pressure; SOFA: sequential organ failure assessment; APS III: acute physiology score III; SIRS: systemic inflammatory response syndrome; ECMO: extracorporeal membrane oxygenation, IABP: intra-aortic balloon pump; ICU: intensive care unit.





































Table 3 Hazard ratio (95% confidence interval) foe all-cause mortality across groups of AG level.
	Anion Gap max
	Model 1
	
	Model 2
	
	Model 3
	
	Matched Cohort

	
	HR (95% CIs)
	P value
	
	HR (95% CIs)
	P value
	
	HR (95% CIs)
	P value
	
	HR (95% CIs)
	P value

	1-year mortality
	
	
	
	
	
	
	
	
	
	
	

	<17 mmol/L
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	

	≥17 mmol/L
	5.140 (3.841, 6.879)
	<0.001
	
	4.916 (3.669, 6.586)
	<0.001
	
	2.309 (1.672, 3.187)
	<0.001
	
	2.010 (1.359, 2.972)
	<0.001

	2-year mortality
	
	
	
	
	
	
	
	
	
	
	

	<17 mmol/L
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	

	≥17 mmol/L
	3.659 (2.904, 4.611)
	<0.001
	
	3.529 (2.798, 4.451)
	<0.001
	
	1.813 (1.401, 2.346)
	<0.001
	
	1.614 (1.182, 2.205)
	0.003

	3-year mortality
	
	
	
	
	
	
	
	
	
	
	

	<17 mmol/L
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	

	≥17 mmol/L
	3.331 (2.726, 4.069)
	<0.001
	
	3.212 (2.627, 3.928)
	<0.001
	
	1.667 (1.341, 2.097)
	<0.001
	
	1.455 (1.116, 1.896)
	0.006

	4-year mortality
	
	
	
	
	
	
	
	
	
	
	

	<17 mmol/L
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	
	
	1.0 (reference)
	

	≥17 mmol/L
	3.209 (2.685, 3.836)
	<0.001
	
	3.104 (2.595, 3.714)
	<0.001
	
	1.710 (1.401, 2.087)
	<0.001
	
	1.521 (1.197, 1.933)
	<0.001


Models 1, 2 and 3 were derived from Cox proportional hazards regression models: model 1 was adjusted for nothing; model 2 was adjusted for age, sex and BMI; model 3 was adjusted for age, sex, BMI, chronic pulmonary disease, hyperlipidemia, HF, hemoglobin, BUN, chloride, SOFA score, APS III score, ECMO, IABP and AKI.
AG: anion gap; HR: hazard ratio; CI: confidence interval; BMI: body mass index; HF: heart failure; BUN: blood urea nitrogen; SOFA: sequential organ failure assessment; APS III: acute physiology score III; ECMO: extracorporeal membrane oxygenation, IABP: intra-aortic balloon pump; AKI: acute kidney injury.


























Figure 1. Flowchart of study patient selection. 
[image: Figure 1]
























Figure 2. Comparison of AG levels between survivors and non-survivors at four-year follow-up. 
[image: Figure 2]




































Figure 3. The ROC and K-M curves of AG for four-year mortality in CBAG patients. 
[image: Figure 3]

















Figure 4. Multivariate-adjusted HRs and 95% CIs for four-year all-cause mortality in patients with high AG values versus low AG values according to subgroups of baseline characteristics. 
[image: Figure 4]




















Figure 5. Decision curve analysis of AG for four-year mortality in CABG patients to detect its clinical usefulness in the entire cohort.
[image: Figure 5]
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Characteristics No. of patients Mortality (%) HR (95%Cl) P value P for interaction

Age (years)

<70 1758 9.10 —a— 1.565 (1.082, 2.265) 0.017 0.681
>70 1404 23.79 —— 1.763 (1.387, 2.242) <0.001

Gender

Female 829 19.42 —— 1.703 (1.199, 2.418) 0.003 0514
Male 2333 14.27 —— 1.684 (1.315, 2.155) <0.001
Hypertension

Yes 2100 12.10 —— 1.682 (1.280, 2.211) <0.001 0.184
No 1062 2260 —— 1.780 (1.316, 2.407) <0.001

Chronic pulmonary disease

Yes 400 24.50 —— 1.567 (0.990, 2.479) 0.055 0.206
No 2762 14.34 —— 1.753 (1.401, 2.193) <0.001

Diabetes

Yes 1198 1720 +— 1.035 (0.752, 1.425) 0.832 0.941
No 1964 14.66 —a— 1.685 (1.303, 2.180) <0.001
Hyperlipidemia

Yes 1806 10.30 —a— 2.063 (1.509, 2.820) <0.001 0.136
No 1356 2271 —a— 1.633 (1.262, 2.114) <0.001

Heart failure

Yes 815 30.31 —— 1.454 (1.097, 1.937) 0.011 0.052
No 2347 10.52 —a— 2.014 (1.525, 2.660) <0.001

Chronic kidney disease

Yes 150 33.33 L 2.825(1.304,6.118) 0.003 0.303
No 3012 14.74 —— 1.614 (1.308, 1.991) <0.001

Atrial fibrillation

Yes 1190 21.43 —— 1.614 (1.228, 2.120) 0.001 0.374
No 1972 12.12 —— 1.971 (1.468, 2.647) <0.001

Acute myocardial infarction

Yes 808 2191 —— 1.387 (0.976, 1.970) 0.068 0137
No 2354 13.47 —— 1.909 (1.493, 2.441) <0.001
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