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Abstract
Background  Elevated serum anion gap at hospital admission is often linked to a poor prognosis in critically ill 
patients, but there is insufficient data on this correlation in patients with acute myocardial infarction accompanied 
by heart failure. In this study, we aimed to determine the relationship between serum admission AG and all-cause 
mortality in patients with acute myocardial infarction accompanied by heart failure.

Methods  We conducted a retrospective analysis of data within the MIMIC-IV database. Serum AG was collected at 
ICU admission, and all-cause mortality after discharge was analyzed. Multivariable Cox proportional hazards regression 
models and Kaplan-Meier survival curve analyses were used to assess the relationship between serum AG and 
myocardial infarction accompanied by heart failure as well as all-cause mortality.

Results  A total of 943 patients with acute myocardial infarction complicated by heart failure were included in the 
study. The all-cause mortality rate after discharge was 24.7% and 18.9%. Multivariable analysis, adjusted for potential 
confounders, indicated that compared to low serum AG levels (< 12 mmol/L), high serum AG levels (> 17 mmol/L) 
were associated with an increased risk of all-cause mortality. Similarly, Kaplan-Meier survival curves also indicated that 
patients with higher serum AG levels had lower survival rates. Stratified analysis further showed that the association 
between higher serum AG levels and in-hospital all-cause mortality was observed across different subgroups based 
on stratification variables.

Conclusions  In patients with acute myocardial infarction complicated by heart failure, elevated serum AG levels at 
ICU admission are associated with an increased risk of all-cause mortality.
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Introduction
Myocardial infarction (MI) is characterized by localized 
ischemic necrosis of the heart tissue due to obstructed 
blood supply, leading to ischemia and hypoxia. MI has 
a rapid onset, with high rates of mortality and disability 
[1–3]. Despite improved outcomes from early reperfu-
sion and medical interventions, congestive heart failure 
following MI (HFpMI) remains common, correlating 
with increased morbidity and mortality [4]. Given the 
severe risks of MI and HFpMI, there is an urgent need 
for quick, accessible, and cost-effective tests to identify 
those at higher risk, guiding more targeted management 
strategies.

In recent years, some studies have found that inter-
mountain risk score (IMRS) have prognostic value in 
patients with critical status such as ST-elevation myo-
cardial infarction or cardiogenic shock [5–6]. Anion gap 
(AG), which is very similar to the IMRS and determined 
by the difference between serum cations and anions, is 
a standard biochemical indicator for evaluating clini-
cal acid-base balance. It has been linked to a variety of 
medical conditions [7–16], Assessing the anion gap helps 
determine disease severity and predict outcomes [12, 14, 
16]. Evaluating base excess upon admission is benefi-
cial for early risk stratification and mortality prediction 
[17, 18]. Metabolic acidosis, a common occurrence in 
critical care settings, is closely tied to patient prognosis 
[19]. Ischemia can induce metabolic disturbances, alter-
ing ion concentrations [20]. The systemic acid-base bal-
ance is sensitive to ischemic events [21], suggesting that 
the anion gap (AG) could be a potential biomarker for 
myocardial infarction (MI). However, the relationship 
between AG and heart failure post-MI (HFpMI) has not 
been fully elucidated. This analysis aims to investigate the 
link between serum AG levels and patient prognosis in 
HFpMI.

Methods
Study population and data extraction
We performed a retrospective cohort study on data 
extracted by the Structured Query Language (SQL) in 
the MIMIC-IV database (version 1) from 2008 to 2019, 
which was approved by the institutional review boards 
of Beth Israel Deaconess Medical Center (BIDMC, Bos-
ton, MA, USA) and the Massachusetts Institute of Tech-
nology. We followed the methods structure of Changli 
Zhong, et al. [22]. The extracted data included demo-
graphics, vital signs, laboratory tests, and comorbidities. 
We designed and conducted this study in accordance 
with the relevant guidelines and regulations (Declaration 
of Helsinki). Since all data were anonymized, informed 
consent was no needed.

These 1863 patients were admitted to the intensive care 
unit (ICU) for the first time between 2008 and 2019 with 

acute myocardial infarction. We excluded 901 patients 
not have congestive heart failure (n = 901), lack of data 
anion gap (n = 19); ultimately, 943 patients with CHF 
were included in the study.

Exclusion criteria include the following: (I) ICU stays 
less than 24  h, (II) repeat ICU admissions, and (III) 
missing key data such as anion gap (AG), (IV) loss to 
follow-up.

Clinical data encompassed age, race, gender, heart rate, 
blood pressure, respiratory rate, temperature, blood glu-
cose, sodium, potassium, presence of diabetes, liver and 
renal diseases, and the Charlson Comorbidity Index.

Laboratory parameters were collected at time points 
aligned with the MIMIC database guidelines, which 
define the first ICU day as the period from 6 h before to 
24 h after ICU admission. These data were based on the 
initial test results post-ICU admission. Notably, AG was 
specifically extracted from the MIMIC database to mini-
mize confounding factors from different time points.

The definition of variable exposure and outcome events
The primary endpoint was all-cause hospital mortality, 
with ICU mortality as the secondary endpoint, assessed 
at hospital discharge. Continuous variables were reported 
as means ± standard deviation (SD) or medians with 
interquartile ranges (IQR), while categorical variables 
were expressed as percentages. Statistical differences 
among the four AG groups were analyzed using Fisher’s 
exact test, Chi-square tests, or the Kruskal-Wallis test.

Restricted cubic spline (RCS) analysis was employed to 
delineate the linear relationship between serum AG lev-
els and all-cause mortality in ICU and hospital settings 
for patients with HFpMI.

Multivariate Cox proportional hazard models were 
utilized to elucidate the association between AG and 
the risk of all-cause mortality at 30, 60, 90, and 365 days. 
Kaplan-Meier survival curves were plotted, and log-rank 
tests were applied to compare survival rates across differ-
ent AG groups over these time frames.

Receiver operating characteristic (ROC) curves 
assessed the predictive value of AG for 30-day and 365-
day mortality. Subgroup analyses were conducted to 
determine if the relationship between AG and mortality 
at 30 and 365 days was influenced by factors such as age 
(> 70 vs. ≤50 years), sex, race, presence of diabetes, and 
renal disease.All analyses were performed with SPSS v. 
24.0 and the R statistical software package ​(​​​h​t​t​p​:​/​/​w​w​w​.​
R​-​p​r​o​j​e​c​t​.​o​r​g​​​​​, R Foundation) and the Fengrui statistical 
software version 1.9.2 were used for all analyses.

Results
Baseline characteristics of the participants
A total of 943 individuals were selected from 1863 
patients with acute myocardial infarction combined 
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with congestive heart failure (Fig.  1). Among them, 614 
were male and 329 were female, with an average age 
of 68.1 ± 14.3 years. As shown in Table  1, patients are 
assigned to four groups according to the quartile of AG 
value. It was found that patients with high serum AG lev-
els (≥ 17 mmol/L) had higher heart rates and respiratory 
rates, but lower blood pressure and body temperature, 
indicating worse vital signs. Additionally, the proportion 
of patients with diabetes, mild liver disease, and kidney 
disease was higher, and the Charlson Comorbidity Index 
further confirmed these findings.

Cox regression of myocardial infarction with quartile of 
anion gap
Table  2 presents both unadjusted and adjusted analyses 
of serum AG levels and one-year all-cause mortality in 
patients with acute myocardial infarction and heart fail-
ure, using the Cox proportional hazards model. When 
serum AG was treated as a continuous variable, it was 
associated with an increased risk of one-year all-cause 
mortality [HR = 1.87 (95% CI: 1.63–2.14)]. When treated 
as a categorical variable, patients with lower serum AG 
levels (< 12 mmol/L) served as the reference group. In 
the crude model, higher serum AG levels were associ-
ated with an increased risk of one-year all-cause mortal-
ity, with this effect becoming more pronounced as AG 

levels increased. For instance, patients in the highest 
serum AG quartile (Q4) had a 514% increased risk of all-
cause mortality compared to those in the lowest quartile 
(Q1) [HR = 6.14, 95% CI = 3.59–10.51, p < 0.01]. However, 
patients in the third quartile (Q3; 15 < AG ≤ 17) had only 
a 148% increased risk of all-cause mortality compared to 
those in Q1 [HR = 2.48, 95% CI = 1.38–4.43, p < 0.01]. This 
finding is consistent with the observed trend that one-
year all-cause mortality increases as serum AG levels rise. 
After adjusting for confounding factors (age, heart rate, 
respiratory rate, systolic blood pressure, diastolic blood 
pressure, Charlson Comorbidity Index, and congestive 
heart failure), serum AG remained associated with an 
increased risk of one-year all-cause mortality, whether 
treated as a continuous or categorical variable.

Kaplan-Meier curves survival analysis
The Kaplan-Meier survival curves showed that, in 30 
days-, 60 days-, 90 days- and 365 days- survival analy-
sis, high serum AG levels at admission (≥ 17 mmol/L) 
were significantly associated with a lower survival rate 
(p < 0.0001), and this effect became more pronounced 
over time in the high AG group (Fig. 2).

Fig. 1  Flowchart for the study population
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Restricted cubic spline regression model
Restricted cubic spline analysis visually demonstrated a 
nonlinear relationship between serum AG and one-year 
all-cause mortality in both myocardial infarction patients 
and those with myocardial infarction combined with 
heart failure (p > 0.05 for all data) (Fig. 3).

Subgroup mortality analysis
To evaluate the relationship between high serum AG 
levels and all-cause mortality, a subgroup analysis was 
conducted (Fig.  4). Across most subgroups (age, race, 
diabetes, and renal failure), higher serum AG levels were 
associated with 30-day and one-year in-hospital all-
cause mortality, with no significant interaction between 
serum AG levels and the subgroup variables (p > 0.05 
for all data). However, among female participants, an 
increase in serum AG levels was associated with a worse 

prognosis, including higher 30-day and one-year all-
cause mortality (interaction p ≤ 0.05).

Discussion
This study found that patients with high serum AG levels 
had lower survival rates and shorter survival times, and 
high serum AG levels at admission were identified as a 
significant risk factor for all-cause mortality in patients 
with acute myocardial infarction combined with heart 
failure. Additionally, this study observed that there was 
no interaction between serum AG levels and most sub-
groups in relation to in-hospital all-cause mortality, but 
female patients with increased serum AG levels had a 
noticeably worse prognosis.

In addition to its predictive advantages for adverse 
outcomes in cardiovascular, neurological, and urinary 
system diseases, serum AG is also easy to implement 

Table 1  Basic characteristics of myocardial infarction with congestive heart failure according with quartile of anion gap
Variables Total (n = 943) Anion gap ≤ 12 

(n = 154)
12 < Anion 
gap ≤ 15 
(n = 317)

15 < Anion 
gap ≤ 17 
(n = 213)

Anion gap > 17 
(n = 259)

p sta-
tistic

Admission age, Mean ± SD 68.1 ± 14.3 69.2 ± 12.6 67.9 ± 13.9 67.1 ± 15.0 68.5 ± 15.0 0.52 0.75
Race, n (%) 0.56 7.79
  1 585 (62.0) 101 (65.6) 198 (62.5) 136 (63.8) 150 (57.9)
  2 58 ( 6.2) 8 (5.2) 15 (4.7) 13 (6.1) 22 (8.5)
  3 53 ( 5.6) 9 (5.8) 22 (6.9) 10 (4.7) 12 (4.6)
  4 247 (26.2) 36 (23.4) 82 (25.9) 54 (25.4) 75 (29)
gender, n (%) 0.23 4.27
  Female 329 (34.9) 45 (29.2) 118 (37.2) 69 (32.4) 97 (37.5)
  Male 614 (65.1) 109 (70.8) 199 (62.8) 144 (67.6) 162 (62.5)
heart rate mean, Mean ± SD 80.2 ± 15.5 78.7 ± 13.5 76.5 ± 12.7 81.3 ± 16.0 84.7 ± 17.9 < 0.01 14.82
sbp mean, Mean ± SD 113.6 ± 15.1 112.7 ± 12.1 115.4 ± 14.0 115.3 ± 15.6 110.6 ± 17.0 < 0.01 5.93
dbp mean, Mean ± SD 64.2 ± 11.5 61.9 ± 9.9 65.0 ± 10.6 65.5 ± 12.8 63.5 ± 12.0 0.01 3.89
mbp mean, Mean ± SD 78.1 ± 10.6 75.8 ± 8.9 78.7 ± 10.3 79.7 ± 11.0 77.4 ± 11.4 < 0.01 4.95
resp rate mean, Mean ± SD 19.2 ± 3.3 18.2 ± 2.9 18.4 ± 2.9 19.4 ± 3.1 20.5 ± 3.8 < 0.01 27.29
temperature mean, Mean ± SD 36.7 ± 0.7 36.7 ± 0.4 36.7 ± 0.5 36.7 ± 0.6 36.5 ± 1.0 < 0.01 5.48
Glucose mean, Mean ± SD 155.6 ± 60.0 138.3 ± 38.7 141.9 ± 47.5 154.1 ± 54.6 183.9 ± 76.4 < 0.01 31.77
first sodium, Mean ± SD 137.7 ± 4.2 137.5 ± 4.8 137.8 ± 3.5 137.1 ± 3.3 138.2 ± 5.1 0.03 2.96
first potassium, Mean ± SD 4.2 ± 0.7 4.1 ± 0.6 4.1 ± 0.6 4.3 ± 0.6 4.4 ± 0.8 < 0.01 12.71
first creatinine, Mean ± SD 1.3 ± 1.0 0.9 ± 0.3 1.1 ± 0.7 1.1 ± 0.5 1.9 ± 1.6 < 0.01 45.69
diabetes, n (%) 288 (30.5) 42 (27.3) 83 (26.2) 58 (27.2) 105 (40.5) < 0.01 16.92
mild liver disease, n (%) 68 ( 7.2) 7 (4.5) 10 (3.2) 12 (5.6) 39 (15.1) < 0.01 34.06
renal disease, n (%) 166 (17.6) 18 (11.7) 41 (12.9) 36 (16.9) 71 (27.4) < 0.01 25.74
charlson comorbidity index, 
Mean ± SD

6.0 ± 2.5 5.9 ± 2.4 5.7 ± 2.2 5.7 ± 2.6 6.6 ± 2.7 < 0.01 8.48

Table 2  One year cox regression of myocardial infarction with quartile of anion gap
Variable n.total n.event% Followup.Time crude.HR (95%CI) crude.P value adj.HR (95%CI) adj.P value
Anion gap ≤ 12 154 15 (9.7) 51652.1 1(Ref ) 1(Ref )
12 < Anion gap ≤ 15 317 53 (16.7) 99399.5 1.76 (0.99 ∼ 3.13) 0.05 2.09 (1.16 ∼ 3.74) 0.01
15 < Anion gap ≤ 17 213 47 (22.1) 62666.5 2.48 (1.38 ∼ 4.43) < 0.01 2.57 (1.42 ∼ 4.65) < 0.01
Anion gap > 17 259 118 (45.6) 55101.9 6.14 (3.59 ∼ 10.51) < 0.01 3.96 (2.25 ∼ 6.97) < 0.01
Trend.test 943 233 (24.7) 271750.1 1.87 (1.63 ∼ 2.14) < 0.01 1.48 (1.28 ∼ 1.72) < 0.01
Adjust for: age, heart rate mean, sbp mean, dbp mean, resp rate mean, charlson comorbidity index, congestive heart failure
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nationwide due to its simplicity, low cost, and significant 
impact on guiding treatment in impoverished and remote 
areas. Previous studies have shown that serum AG is 
associated with the occurrence of heart failure and car-
diovascular death events in patients with acute myocar-
dial infarction [23], which is consistent with our findings. 
After adjusting for confounding factors, patients with 
high serum AG levels (> 17 mmol/L) had a 2.96 times 
higher risk of all-cause mortality compared to those with 
low serum AG levels (≤ 12 mmol/L).

However, it is important to note that although the study 
by Zhao et al. demonstrated an independent association 

between increased serum AG levels and the risk of post-
MI HF and cardiovascular mortality, it did not find an 
independent association with all-cause mortality [23]. 
This finding contrasts with several other studies [24–26]. 
The discrepancy may be due to the inclusion of too many 
confounding factors in their model, as suggested by their 
p-value of 0.062 when predicting all-cause mortality. In 
contrast, our study included a more streamlined and 
effective set of confounding factors, and the data were 
derived from the MIMIC-IV database, reducing potential 
selection bias associated with single-center sample data.

Fig. 2  Kaplan-Meier curves survival analysis of myocardial infarction with congestive heart failure according by quartile of anion gap. a: 30 days survival; 
b: 60 days survival; c: 90 days survival; d: 365 days survival
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This study validated the relationship between serum 
AG levels and all-cause mortality at multiple time points. 
Significant differences in all-cause mortality rates among 
different serum AG groups were consistently observed 
on the KM curves at 30, 60, and 90 days, as well as at one 
year. This finding highlights the significant advantage 
of serum AG in predicting both early and late mortality 
events. An interesting observation from the subgroup 
analysis was that female patients with high serum AG 
levels had higher mortality rates compared to males. 
However, similar studies have shown that this result may 
not be consistent; for instance, Zhao et al. found that 

elevated serum AG levels in men were associated with an 
increased risk of out-of-hospital HF [23]. This discrep-
ancy might be related to the sample population, and fur-
ther research is needed to confirm this finding.

Serum AG is closely related to all-cause mortality in 
patients with acute myocardial infarction combined with 
heart failure, although the exact underlying mechanisms 
remain unclear. However, several possible explanations 
can be proposed. One explanation is that in patients 
with myocardial infarction combined with heart failure, 
decreased cardiac output leads to insufficient renal per-
fusion. The overactivation of the sympathetic nervous 

Fig. 4  Subgroup analysis mortality analysis with myocardial infarction with congestive heart failure according by quartile of anion gap. a 30 days mortal-
ity; b 365 days mortality

 

Fig. 3  The nonlinear relationship between anion gap and long-time mortality in myocardial infarction with congestive heart failure. a: myocardial infarc-
tion patients; b: myocardial infarction with congestive heart failure patients. Adjusted for all covariates as models
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system further causes renal vasoconstriction, lead-
ing to renal parenchymal ischemia and necrosis, which 
decreases the glomerular filtration rate (GFR). Studies 
have indicated that one-third of the mechanisms through 
which elevated serum AG leads to poor prognosis are 
due to a reduced GFR [23]. The reduced GFR leads to a 
significant decline in the kidney’s ability to excrete acids, 
and the accumulation of various inorganic and organic 
acids in the body contributes to the elevation of serum 
AG. This partially explains why serum AG levels are ele-
vated in patients with myocardial infarction combined 
with heart failure.In addition, diabetes may also affect 
serum AG. However, in our study, when subgroup analy-
sis of eGFR, diabetes was conducted, serum AG was not 
affected by these factors, which may indicate that serum 
AG is an independent risk factor for patients with acute 
myocardial infarction complicated with heart failure.

Moreover, because the heart cannot supply blood nor-
mally, the body is in a state of ischemia and hypoxia, 
forcing the myocardium to rely on glycolysis for energy 
production. The resulting lactic acid is also an important 
source of elevated serum AG. Serum AG reflects the acid 
load in the body, in other words, the higher the serum 
AG, the more severe the metabolic acidosis. A study by 
Park et al. evaluated the prognostic value of arterial blood 
gases in high-risk acute heart failure, finding that com-
pared to the group with the highest bicarbonate levels, 
the group with the lowest bicarbonate levels had a 1.46 
times higher risk of all-cause mortality (HR = 1.46, 95% 
CI = 1.068–1.995) and a 2.647 times higher risk of car-
diovascular mortality (HR = 2.647, 95% CI = 1.148–6.103). 
However, they did not clarify the relationship between 
the type of acidosis and poor prognosis [26]. Guo et al.‘s 
study further elucidated that metabolic acidosis, in par-
ticular, is associated with worse survival rates [27].

The mechanisms through which severe metabolic aci-
dosis leads to poor prognosis may originate from multi-
ple factors. For example, to clear the excess acid load, the 
kidneys adaptively increase the breakdown of glutamine 
in the proximal tubule and the activity of endothelin-1 
(ET-1). The resulting ammonium activates the alternative 
pathway of complement in the kidneys, promoting tubu-
lointerstitial fibrosis. Meanwhile, ET-1 exacerbates renal 
failure progression by promoting the action of transform-
ing growth factor-beta1 (TGF-β1) and connective tissue 
growth factor [28–35]. Additionally, metabolic acidosis 
can enhance protein catabolism through acidification-
dependent activation of ubiquitin-protein ligases, leading 
to muscle mass loss and increased frailty [36].

Another possible explanation is that elevated serum AG 
levels activate the inflammatory system. The acute and 
chronic inflammation are the major underlying points 
of the complications of congestive heart failure [37–39]. 
High serum AG levels have been shown to be associated 

with elevated levels of inflammatory biomarkers [40]. In 
vitro studies suggest that elevated serum AG can activate 
the acid-sensing ion channels in immune cells, exacerbat-
ing the inflammatory response induced by myocardial 
infarction and thereby promoting cardiac remodeling. 
For example, lactic acid has been found to reduce neutro-
phil phagocytic capacity and inhibit T cell responses [41]. 
Meanwhile, the role of albumin is very important related 
to serum AG level since it has also direct links to inflam-
mation [42]. Additionally, elevated serum AG triggers the 
production of inflammasomes, interleukin-1β (IL-1β), 
and the activation of the complement system [43].

Despite these findings, our study has several limita-
tions. First, as the study was conducted with a retrospec-
tive design, there may be some selection bias. Second, 
due to the limitations of the MIMIC database, we did not 
collect certain potentially influential missing data, such 
as albumin, lactate, pH, and Hunt & Hess grade. It should 
be noted, however, that the potential impact of these vari-
ables would likely skew towards the null, possibly lead-
ing to an underestimation of the relationship between 
serum AG levels and all-cause mortality. Third, because 
we lacked albumin data, we did not perform albumin-
corrected serum AG calculations, which some studies 
suggest might offer greater accuracy, potentially reducing 
the reliability of our findings. Fourth, we did not repeat-
edly measure serum AG to assess its dynamic changes 
over time. Fifth, although we progressively adjusted for 
many confounding factors, unmeasured potential con-
founders may still have influenced the study results. Nev-
ertheless, the relationship between high serum AG levels 
and all-cause mortality was clearly demonstrated.

Conclusion
In conclusion, this retrospective observational study 
suggests that high serum AG levels are a significant risk 
factor for all-cause mortality in patients with acute myo-
cardial infarction combined with heart failure. Further 
prospective studies with larger sample sizes are needed 
to assess the causal relationship between high serum AG 
levels and all-cause mortality.
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