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Objective: This study aimed to explore the association between base excess (BE) and the risk of 30-day mortality among patients with acute kidney injury (AKI) in the intensive care unit (ICU).

Methods: This retrospective study included patients with AKI from the Medical Information Mart for Intensive Care (MIMIC)-IV database. We used a multivariate Cox proportional-hazards model to obtain the hazard ratio (HR) for the risk of 30-day mortality among patients with AKI. Furthermore, we utilized a Cox proportional-hazard model with restricted cubic splines (RCS) to explore the potential non-linear associations.

Results: Among the 14,238 ICU patients with AKI, BE showed a U-shaped relationship with risk of 30-day mortality for patients with AKI, and higher or lower BE values could increase the risk. Compared with normal base excess (−3~3 mEq/L), patients in different groups (BE ≤ −9 mEq/L, −9 mEq/L < BE ≤ −3 mEq/L, 3 mEq/L < BE ≤ 9 mEq/L, and BE > 9 mEq/L) had different HRs for mortality: 1.57 (1.40, 1.76), 1.26 (1.14, 1.39), 0.97 (0.83, 1.12), 1.53 (1.17, 2.02), respectively. The RCS analyses also showed a U-shaped curve between BE and the 30-day mortality risk.

Conclusion: Our results suggest that higher and lower BE in patients with AKI would increase the risk of 30-day mortality. BE measured at administration could be a critical prognostic indicator for ICU patients with AKI and provide guidance for clinicians.
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INTRODUCTION

Acute kidney injury (AKI) is a severe complication in the intensive care unit (ICU), as it is associated with higher morbidity, mortality, and poorer outcomes. The incidence of AKI ranges from 2% in community settings to 20% among hospitalized patients and up to 60% in ICUs (1).

Patients with AKI show an increased risk of mortality, chronic kidney disease (CKD) progression and cardiovascular complications (2). And the mortality in hospitalized AKI patients is 10.8%. In addition, as diuretics, vasopressors, and renal replacement therapy (RRT) can be administered to these patients, these factors can lead to acid–base disturbances.

Base excess (BE) is defined as the amount of acid or alkali needed to adjust the value to the normal range (3), which is considered a pure indicator of metabolic acid–based balance (4). Base excess has been widely used as a predictor for the diagnosis of neonatal sepsis in pre-term newborns (5), complications in cytoreductive surgery (6), or the prognosis of neonatal acute respiratory distress syndrome (7). The indicator also shows significant representativeness in heart failure (3, 4). However, the association between BE and mortality among patients with AKI remains unclear.

Smith (8) demonstrated that BE could be a prognostic indicator for patients admitted to the ICU. Those patients with BE on admissions < −4 mmol/L had higher mortality than those with BE ≥ −4 mmol/L (57.7 vs. 17.6%, P < 0.0001). However, in this study, other confounders, such as age, sequential organ failure assessment (SOFA) score on admission, inotropes, and mechanical ventilation were significantly different between the two groups and were not adjusted.

Consequently, the aim of this study was to explore the effect of baseline BE on mortality among patients with AKI.



MATERIALS AND METHODS


Source of Data

The data of this study were extracted from a large critical care database named Medical Information Mart for Intensive Care (MIMIC)-IV (9, 10), which is a publicly and freely available database. The MIMIC-IV database, an update to MIMIC-III, contained data for patients who were admitted to the Beth Israel Deaconess Medical Center (BIDMC) from 2008–2019. After completing the National Institutes of Health (NIH) web-based training course and the Protecting Human Research Participants examination, we extracted data from MIMIC-IV. An author who has completed the Collaborative Institutional Training Initiative examination (Certification Number 39090498 for author YY Qin) can access the database.



Participants

This study included adult patients (≥18 years) with AKI defined according to the Kidney Disease Improving Global Outcomes (KDIGO) criteria (Table 1). The KDIGO criteria were described as follows (11): (1) Serum creatinine (SCr) increased by 0.3 mg/dL (or ≥26.5 μmol/L) within 48 h; or (2) increased by ≥1.5-fold from baseline within the prior 7 days; and/or (3) a decrease in urine output (UO) < 0.5 ml/kg/h for 6–12 h. AKI was diagnosed after ICU admission. Patients without BE values when admitted to the ICU and those who died or were discharged within 48 h after ICU admission were excluded. If a patient had multiple admission records or ICU stay records, we only took the first admission record and the first ICU stay record.


Table 1. AKI definition and classification according to the kidney disease improving global outcomes (KDIGO) criteria.
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Variables

The variable of interest is baseline BE. Thus, we extracted the first measurement of BE at ICU admission as the baseline BE value. This was the main exposure factor in our study.

Other variables were extracted from the MIMIC-IV database according to the first day of ICU admission as potential confounding factors, including age at the time of hospital admission, admission type, sex, ethnicity, lactate, measure of acidity or alkalinity (pH), partial pressure of oxygen (PO2), and partial pressure of carbon dioxide (PCO2). AKI stages were defined by both SCr and the volume of Urine Output (UO) within the first 48 h after ICU admission according to KDIGO criteria (Table 1), comorbidities, simplified Acute Physiology Score II (SAPAII), SOFA score, SCr level, UO, use of vasopressors, renal replacement therapy (RRT), and mechanical ventilation. All variables were extracted from MIMIC-IV using postgreSQL.



Endpoints

The primary endpoint was 30-day ICU mortality, which was defined by patient survival status at the time of hospital discharge. ICU mortality, in-hospital mortality, ICU length of stay (LOS), and hospital LOS were regarded as secondary endpoints.



Missing Data

In the present study, all variables had missing values of <20%. We used multiple imputation (12) to impute missing values in variables, including lactate, urine output, and creatinine.



Statistical Analysis

Descriptive statistics were used to present the differences between characteristics across the five groups of baseline BE values (BE ≤ −9 mEq/L, −9 mEq/L < BE ≤ −3 mEq/L, −3 mEq/L < BE ≤ 3 mEq/L, 3 mEq/L < BE ≤ 9 mEq/L, and BE > 9 mEq/L). Continuous variables were presented as mean ± standard deviation or median (IQR), and the differences between groups were identified using analysis of variance (ANOVA) or Kruskal–Wallis test. Categorical variables were presented as percentages, and comparisons between groups were made using the chi-square test or Fisher's exact-test.

The Cox proportional hazards model was used to estimate the association between predefined groups according to baseline BE values and outcomes among critically ill patients with AKI. The model was adjusted by multiple covariates with a P-value < 0.05, in univariate analysis. To assess the robustness of the results, which could be affected by potential unmeasured confounders, we calculated the E-value. The E-value was defined as the minimum strength of association that an unmeasured confounder would have between the explaining variable and the outcome (13) and the equation of E-value was: E-value = HR+sqr{HR× (HR−1)}.

In view of the hypothesis that the relationship between BE and risk of 30-day hospital mortality was non-linear, we further examined Cox models with restricted cubic splines (RCS) (14–16), with five knots (10th, 25th, 50th, 75th, and 90th percentiles) for BE, adjusting for all covariates above to flexibly model the association of baseline BE values with mortality. In addition, we used a likelihood ratio test to examine the non-linearity by comparing the model with only the linear term and with linear and cubic spline terms.

All statistical analyses were performed using the R software (version 4.0.0). All reported P-values were two-sided, and statistical significance was set at P < 0.05.




RESULTS

A total of 18,855 patients fulfilled the definition of AKI. Of these 14,238 patients whose ICU time was more than 2 days had a BE value within 24 h after ICU admission. The study flow diagram is shown in Figure 1.
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FIGURE 1. Flow chart of patient selection.


Baseline characteristics of the five BE groups are depicted in Table 2. Compared with the normal group (−3 mEq/L < BE ≤ 3 mEq/L), those with lower BE values tended to be female, younger, and the values of lactate, creatinine, SOFA score, and SAPSII were higher, while the pH, PO2, PCO2, and UO were lower. The proportion of patients using vasopressors and RRT was also higher. Patients with higher BE values tended to be female, older, and had lower lactate and PO2 values. These patients had higher values of pH, PCO2, SOFA, and SAPSII, tended to use fewer vasopressors and ventilation, and were more likely to have comorbidities such as congestive heart failure and chronic pulmonary disease.


Table 2. Baseline characteristics between BE groups.
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Table 3 shows the association between BE and all-cause mortality in patients with AKI. In the unadjusted model (Model 1), compared with the normal group, the hazard ratios [95% confidence interval (CI)] of the first, second, fourth, and fifth baseline BE groups were 1.57 (1.40, 1.76), 1.26 (1.14, 1.39), 0.97 (0.83, 1.12), 1.53 (1.17, 2.02), respectively. In the multivariable adjusted model (Model 3), the baseline BE showed a U-shaped association with 30-day all-cause mortality in the ICU. In model 3, the third group (−3 mEq/L < BE ≤ 3 mEq/L) had the lowest HR, and the fifth group had the highest HR (1.54, 95% CI: 1.16, 2.05). The HR (95% CI) of the first, second, and fourth group were 1.29 (1.13, 1.47), 1.12 (1.01, 1.24), 1.00 (0.86, 1.17), respectively. The result of model 3 was showed in the Supplementary Table S1.


Table 3. HR of 30-day hospital mortality according to BE in patients with AKI.
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According to the equation, E-value was obtained as follows:
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In our study, the E-value was relatively large; thus, we can consider the results to be robust to some extent.

Furthermore, we used RCS to flexibly model and visualize the relationship between baseline BE values and 30-day all-cause mortality in the ICU. In the restricted quadratic spline regression model, baseline BE was taken as a continuous variable. In Figure 2A, the univariate analysis showed that the HR of 30-day all-cause mortality in the ICU decreased to 1 and became steeper when the baseline BE value exceeded −5 mEq/L. We observed the lowest HR when the baseline BE value was 3 mEq/L and the risk started to increase afterwards (P for non-linearity < 0.01). We can also conclude that the baseline BE value in the range of 0–5 mEq/L was a protective factor (HR <1). When the BE value was outside this range, it was a risk factor (HR > 1). The results of the multivariate analysis (Figure 2B) were similar. The risk of mortality decreased and reached the lowest HR when the BE was 3 mEq/L, and then started to increase afterwards (P for non-linearity < 0.01).


[image: Figure 2]
FIGURE 2. Hazard ratio of all-cause mortality as a function of baseline BE value. (A) Baseline BE was modeled as a continuous variable and fitted in an unadjusted model using restricted quadratic spline regression. (B) Baseline BE was modeled as a continuous variable and adjusted by gender, age, ethnicity, AKI stage, PCO2, Co-morbidities, urine output, SOFA, SAPSII, RRT, vasopressor, ventilation, Creatinine.


The results of the secondary endpoints are presented in Tables 4, 5. The risk of ICU mortality and the risk of in-hospital mortality also showed U-shaped relationships. The median ICU LOS and hospital LOS were significantly different between the groups. Patients in the normal group (−3 mEq/L < BE ≤ 3 mEq/L) showed the shortest ICU LOS and hospital LOS (4.07 and 8.36 days, respectively). Both lower and higher BEs would increase the ICU LOS or hospital LOS. Multiple linear regression results showed that (Table 5), compared with the normal group, the first, second, and fourth groups increased the ICU LOS by 0.65, 0.48, and 0.41 days, respectively. As for hospital LOS, the first group would increase by 0.75 days. The other groups showed no significant differences.


Table 4. Multiple cox regression* result for secondary outcomes according to BE groups in patients with AKI.
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Table 5. Multiple linear regression* results examining the effect of BE in patients with AKI.
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Subgroup Analysis

Subgroup analysis was based on the following strata: sex (female vs. male), AKI stage (stage 3 vs. stages 1, 2), SOFA score (SOFA ≥ 10, 7 ≤ SOFA <10, 4 ≤ SOFA <7, SOFA <4), and SAPS II score. We divided the patients into four subgroups according to SOFA score quartiles. We also divided the patients into two groups according to the median SAPS II score (median = 40). In almost all subgroups, when BE was in the range of −3~9 mEq/L, the patients had the lowest risk for mortality, and the patients in the fifth BE group (BE > 9 mEq/L) had the highest risk (Table 6). Similar trends of non-linear association between BE and all-cause mortality are presented in Figure 3. After using the multiple Cox model with RCS, BE showed a U-shaped relationship with all-cause mortality in most subgroups (except the SOFA ≥ 10 subgroup). The results of the subgroup analysis for secondary endpoints are shown in Supplementary Tables S2–S5.


Table 6. HR of 30-day ICU mortality according to BE among subgroups.
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FIGURE 3. Risk of all-cause mortality according to BE among four subgroups.





DISCUSSION

Base excess was considered to be one of the most widely used markers in ICU, both to diagnose metabolic acidosis and to guide resuscitation or clinical intervention (17). In this study, we explored the U-shaped relationship between BE and all-cause mortality in ICU patients with AKI. Patients with AKI in the ICU had lower risk for mortality when BE was in the range of −3~9 mEq/L. Both higher and lower BEs would increase the risk.

BE is convenient and intuitive for reflecting acid–base status in the ICU setting. Many studies have focused on base excess as one of the most essential indicators in ICU settings. For patients with trauma, the use of BE appeared to be better than vital signs or shock index for mortality prediction or rapid physiological assessment (18). A systematic review involving 34 studies on trauma patients consistently showed that BE was associated with increased mortality, significant injuries, and major complications (19).

The use of BE has also been extensively studied in burns. A prospective study including 42 major burn patients suggested that base deficit (BD, which is equal to -BE), as well as serum albumin level and hemoglobin concentration, were independent predictors of mortality among patients with burns (20). Binary logistic regression analysis revealed that the odds ratio of BD was 2.23 (95% CI: 1.66–16.75). Furthermore, BE has also been used in newborns and children, for example, in the prediction of early diagnosis of neonatal sepsis.

The vital role of BE in prognosis and prediction has been demonstrated in many diseases. To determine the prognostic value of BE on admission among patients with acute heart failure (AHF), Hiroki Nakano et al. (4) concluded that high BE was an independent determinant of all-cause death in patients with AHF. Similarly, the unadjusted spline curve revealed a U-shaped relationship between BE and the risk of all-cause death. In the multivariable RCS model, a positive linear relationship was observed. Another study also showed a U-shaped association between BE and survival outcomes among patients with congestive heart failure (3).

As for AKI, the relationship between BE and all-cause mortality was more complex. The kidney plays a vital role in maintaining electrolyte homeostasis and acid–base balance. Acid–base disorder is not only a consequence, but also a contributor to the progression of kidney dysfunction.

The U-shaped curve showed that lower BE (≤ -3 mEq/L), which indicated metabolic acidosis, would increase the risk of all-cause mortality in patients with AKI. This result was consistent with another study (21) which suggested that metabolic acidosis was an independent risk factor for the progression of AKI and hospital mortality. This may be because acidosis can reduce renal blood flow and increase inflammatory mediator release (22). Another study (23) demonstrated that hyperchloremic acidosis was associated with post-operative AKI after abdominal surgery. Patients with AKI with severe metabolic alkalosis (BE > 9 mEq/L) had a higher risk of all-cause death, as shown in the U-shaped curve. Significant metabolic alkalosis is rare in AKI and is related to diuretic use, red blood cells and fresh frozen plasma administration (24).

The results of subgroup analysis according to SOFA or SAPSII showed that the risk of mortality monotonically decreased when SOFA > 10, and the risk of mortality was also U-shaped when 4 < SOFA <7, 7 < SOFA <10, SAPS II ≥ 40, and SAPS <40. When the SOFA score was <4, there was no significant U-shaped relationship (Figure 3). Some studies have recommended that organ dysfunction can be identified as an acute change in the total SOFA score ≥ 2 points (25, 26). Several studies also showed that patients with SAPS II > 80 had a higher survival rate (27, 28). However, if we divided patients into subgroups by SOFA (≥2 or <2) and SAPS II (>80 or ≤ 80), there would be fewer members in one group, leading to inaccurate results. Therefore, we divided the subgroups according to the median or quartiles. AKI stage was also a crucial factor for mortality among patients with AKI. In view of the differences in mortality among patients with different AKI stages in univariate analysis, we did subgroup analysis according to AKI stages. And U-shape relationship between BE and mortality among patients with AKI was also existed.

This study had several limitations. First, BE remains a convenient and sensitive indicator for metabolic acid–base status, but it is not consistent with other markers such as lactate, bicarbonate, or anion gap (29). Thus, clinicians should be careful and consider these markers.

In addition, BE can be severely influenced by previous or concomitant administration of bicarbonate or lactate during resuscitation and in-hospital stay before ICU admission. The proportion of bicarbonate and lactate was shown in Supplementary Table S6. We included the two variables into multivariable adjusted model and as part of the sensitivity analysis, we examined multiple Cox models with RCS. The results were showed in Supplementary Table S7 and Supplementary Figure S1, respectively. After including the variables of bicarbonate and lactate, the results changed slightly, but the statistical significance and overall conclusions remain the same. We considered that the low before ICU administration rate of bicarbonate and lactate might not affect the primary results substantially.

Furthermore, AKI can influence the acid–base imbalance; in turn, acid–base status can also be the result of therapies for deteriorating renal function, such as fluid resuscitation, use of diuretics, and RRT. Thus, for prerenal AKI, BE was appropriate for measuring the acid–base status. In contrast, BE had minimal utility for intrarenal or post-postrenal AKI. For example, when patients are on RRT in the ICU setting, BE only reflects the concentration of bicarbonate buffer and the duration of treatment. We considered that the low before ICU administration rate of bicarbonate and lactate might not affect the primary results substantially.

Finally, we considered the first measurement of BE at administration, regardless of the influence of dynamic variation in BE. In the follow-up study, we built a joint model for longitudinal and time-to-event data (30, 31) to control measurement error and explore the effect of BE variation on the risk of all-cause death in patients with AKI.



CONCLUSIONS

BE could be an independent risk factor for all-cause death in patients with AKI in the ICU setting. Abnormal BE may be a risk factor for these patients. We also found a U-shaped association between baseline BE and all-cause mortality in patients with AKI. Regardless of whether BE is lower (BE ≤ −3 mEq/L) or higher (BE ≥ 9 mEq/L), it can increase the risk of 30-day ICU mortality in patients with AKI. Thus, BE measured at administration could be a good indicator of the severity of illness and provide guidance for clinicians.
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