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Background: Vancomycin can effectively inhibit Gram-positive cocci and is widely used in critically ill patients. This study utilized a large public database to explore the effect of patients' first vancomycin trough concentration (FVTC) on the occurrence of acute kidney injury (AKI) and mortality after receiving vancomycin treatment in intensive care unit (ICU).

Methods: Critically ill patients who used vancomycin in the Medical Information Mart for Intensive Care (MIMIC) IV have been retrospectively studied. The outcomes included the occurrence of AKI during the use of vancomycin or within 72 h of withdrawal, ICU mortality and hospital mortality. Restricted cubic splines (RCS) were used to analyze the linear relationship between FVTC and the outcomes. Multivariate logistic/Cox regression analysis was used to analyze the association between patient's FVTC and the occurrence of AKI, ICU mortality, and in-hospital mortality.

Results: The study ultimately included 3,917 patients from the MIMIC-IV database who had been treated with vancomycin for more than 48 h. First of all, the RCS proved the linear relationship between FVTC and the outcomes. After controlling for all covariates as confounders in logistic/Cox regression, FVTC was a risk factor with the occurrence of AKI (OR: 1.02; 95% CI: 1.01–1.04), ICU mortality (HR: 1.02; 95% CI: 1.01–1.03), and in-hospital mortality (HR: 1.02; 95% CI: 1.01–1.03). Moreover, patients were divided into four groups in the light of the FVTC value: group1 ≤ 10 mg/L, 10 <group 2 ≤ 15 mg/L, 15 <group 3 ≤ 20 mg/L, group4 > 20 mg/L. Categorical variables indicated that group 3 and group 4 had a significant relationship on the occurrence of AKI [group 3: (OR: 1.36; 95% CI: 1.02–1.81); group 4: (OR: 1.76; 95% CI: 1.32–2.35)] and ICU mortality [group 3: (HR: 1.47; 95% CI: 1.03–2.09); group 4: (HR: 1.87; 95% CI: 1.33–2.62)], compared to group 1, while group 4 had a significant effect on in-hospital mortality (HR: 1.48; 95% CI: 1.15–1.91).

Conclusions: FVTC is associated with the occurrence of AKI and increased ICU and in-hospital mortality in critically ill patients. Therefore, in clinical practice, patients in intensive care settings receiving vancomycin should be closely monitored for FVTC to prevent drug-related nephrotoxicity and reduce patient mortality.
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INTRODUCTION

Vancomycin is a glycopeptide antibiotic that has inhibitory effects on Staphylococcus (including methicillin-resistant Staphylococcus aureus, MRSA), Streptococcus pneumoniae, Streptococcus pyogenes, etc. (1, 2); it is the first-line drug for the treatment of MRSA (3, 4). However, the treatment window of vancomycin is narrow, and its effects during clinical treatment vary among different individuals, so vancomycin can often lead to adverse effects along with antibacterial therapy. As such, therapeutic drug monitoring (TDM) is required. As a time-dependent drug, its clinical efficacy measured by pharmacokinetic/pharmacodynamic parameter (PK/PD), which is 24 h drug time at area under concentration–time curve/minimal inhibitory concentration (AUC/MIC) (5). Although the most recent 2020 Infectious Diseases Society of America recommends that vancomycin should not be administered based on trough concentrations, but rather advocates AUC/MIC-guided dosing to achieve clinical efficacy (6). But there is still a gap between recommendations and practice, as estimating AUC/MIC in the clinical setting is difficult (7). Monitoring vancomycin trough concentration (VTC) prior to the fourth dose is often used as a simpler proxy to provide guidance on the appropriate use of vancomycin (8, 9).

Similar to many other drugs, vancomycin is excreted from the body mainly through the filtration of the kidney glomeruli and the secretion of the renal tubules. Acute kidney injury (AKI) is the main serious adverse drug reaction, which may affect up to 40% of patients treated with vancomycin. Moreover, it was demonstrated that when VTC was maintained at 15–20 mg/L in patients treated with vancomycin, it to be connected with a high incidence of AKI (10).Vancomycin-related AKI is associated with increased length of hospital stay, high cost, and high mortality (11). The clinical significance of VTC monitoring has been proven (12), and it is considered an accurate and practical indicator that reflects the effectiveness of medication and reduces nephrotoxicity (13, 14). A multicenter, prospective study revealed increased risk of nephrotoxicity in patients with MRSA infection when VTC is above 15 mg/L (15). Another prospective multicenter study recently reported by Liang et al. supported the association of VTC with nephrotoxicity in patients with Gram-positive bacterial infection, but not statistically associated with clinical outcomes (16). Vancomycin is widely used in intensive care units (ICU) mainly for bloodstream infections, meningitis, and infective endocarditis caused by Gram-positive bacteria (17). The special disease state of critically ill patients often leads to changes in the PK/PD of vancomycin in the body, besides, the combined use of multiple drugs, the coexistence of multiple underlying diseases and organ dysfunction may lead to reduced renal function in these patients (18, 19). Therefore, scholars should conduct in-depth study on the connection between VTC and critically ill patients. This study focused on ICU patients to investigate the effect of the first VTC (FVTC) after vancomycin treatment on the incidence of AKI and mortality in critically ill patients.



METHODS


Data Source

This research was performed on a large, free, public database, namely, Medical Information Mart for Intensive Care (MIMIC) IV (20, 21). MIMIC is funded by multiple medical doctors and computer scientists from the Beth Israel Deaconess Medical Center (BIDMC), Massachusetts Institute of Technology, Massachusetts General Hospital, and Oxford University under the guidance of the National Institutes of Health and jointly established in 2003 (22). The latest version, MIMIC-IV 1.0, was updated in March 2021 and contains comprehensive information on ICU patients at BIDMC from 2008 to 2019 (23). All personal information about patients in the database is hidden, so informed consent is not necessary. The author of this study completed relevant courses and obtained a certificate to access the database (certificate number 38601114).



Population Selection Criteria

The inclusion criteria included the following: patients admitted to the ICU for the first time, use of vancomycin in the ICU, detailed record of start and end time, and VTC was measured at least once. The exclusion criteria were as follows. (1) AKI occurred before the use of vancomycin or after 72 h of withdrawal (24), as indicated by changes in serum creatinine or urine output as defined by KDIGO (25): an acute increase in the absolute level of serum creatinine of more than 0.3 mg/dL; a change of 50% higher in the serum creatinine level from baseline within a 48 h period; or decreased glomerular filtration rate to <0.5 mL/kg/ h for more than 6 h. (2) Chronic kidney disease occurred before the use of vancomycin. (3) CRRT was used during vancomycin treatment. (4) The patient's ICU stay was <48 h. (5) Duration of vancomycin use less than 48 h. (6) Patients younger than 16 years old (Figure 1).
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FIGURE 1. Flowchart of study population selection.




Outcomes and Covariates

The primary outcome was the occurrence of AKI during the use of vancomycin or within 72 h of withdrawal (24). The secondary outcomes included ICU mortality and hospital mortality.

Missing data in public databases are very common. The missing values of the data included in this study were all below 25%. The structured query language was used for data extraction. The information included age, weight, gender, SOFA score, type of patient's first admission to ICU, length of stay in ICU and in hospital, ventilator use, vasopressor use, and comorbidities, including sepsis, congestive heart failure, hypertension, diabetes, cancer, chronic obstructive pulmonary disease (COPD), liver disease, and stroke. Source of infection, infectious pathogen, co-infection with Gram-negative bacilli, duration of vancomycin use. Vital signs first monitored within 24 h of entering ICU were heart rate, mean arterial pressure, temperature, and respiratory rate. The first laboratory test results after entering ICU consisted of white blood cell (WBC), hemoglobin, platelet, potassium, sodium, chloride, bicarbonate, albumin, creatinine, urea nitrogen (BUN), and glucose.



Statistical Analyses

The missing rates for each variable were presented in Figure 2, and because the R package involved in this study allowed for missing values, no further processing of missing values was performed to ensure that they were real data frompatients.
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FIGURE 2. Specific missing rates for variables.


Classification data were expressed as percentages and frequencies, and continuous data were expressed as mean or median values. Generally, in medical research, most regression models have an important assumption: the independent and dependent variables are linearly related. The linear relationship between FVTC and outcomes were analyzed using restricted cubic splines (RCS) previous to formal data analysis. If the value at P > 0.05 represented a linear relationship, the following multivariate logistic regression analysis was used to analyze the connection between patient's FVTC and the occurrence of AKI. And multivariate Cox proportional hazard model was used to determine the effect of FVTC on ICU mortality and hospital mortality. Moreover, patients were divided into four groups in the light of the FVTC value: group1 ≤ 10 mg/L, 10 <group 2 ≤ 15 mg/L, 15 <group 3 ≤ 20 mg/L, group4 >20 mg/L (2, 26). The effect of FVTC as a categorical variable on the outcomes was further explored.

Logistic regression and Cox proportional hazards regression models were used to calculate the odd ratios/hazard ratios (ORs/HRs) and their corresponding 95% confidence intervals (CIs). Model I was not adjusted, whereas model II was adjusted for age, weight, gender, SOFA score, the type of patient's first admission to ICU, ventilator use, vasopressor use, comorbidities, source of infection, infectious pathogen, co-infection with Gram-negative bacilli, duration of vancomycin use, and vital signs first monitored within 24 h of entering ICU and the first laboratory test result after entering ICU. Prior to multivariate analysis, variance inflation factors (VIFs) were used to assess multicollinearity between variables.

Subgroup analyses were performed for age (<65 or ≥65 years), gender (male or female), SOFA score (<6 or ≥6), unit type (MICU/SICU or others), ventilator (no or yes) and vasopressor (no or yes) use, sepsis (no or yes), source of infection (hematogenous, lung, abdomen, tissue/bone, others/unclear), infectious pathogen (MRSA, staphylococcus, streptococcus, enterococcus, others/unclear), and co-infection with Gram-negative bacilli (no or yes).

R (version 4.1.0) software were used for statistical analyses. P <0.05 was considered statistically significant.




RESULTS


Baseline Results

The study eventually included 3,917 vancomycin-treated patients from the MIMIC-IV database, of whom 2,805 developed AKI and 1,112 did not (Table 1). Patients in the AKI group were older than those in the non-AKI group [65.00 (54.00, 76.00) vs. 59.00 (48.00, 71.00)]; the proportions of male patients in the two groups were 58.6 and 58.8%, respectively; the SOFA score of patients in the AKI group was higher than that in the non-AKI group [3.00 (1.00, 5.00) vs. 1.00 (0.00, 4.00)]. The length of hospital stay and ICU stay in the AKI group were significantly longer than those in the non-AKI group [7.76 (4.70, 13.14) vs. 4.70 (3.11, 7.91) and 16.00 (10.00, 25.00) vs. 15.00 (9.00, 25.00), respectively]. Among comorbidities, sepsis accounted for the highest proportion, at 94.2% in the AKI group and 85.0% in the non-AKI group. The most frequent source of infection was from the lungs, with 44.0 and 38.8% in the two groups, respectively. The remaining characteristics are shown in Table 1.


Table 1. Baseline characteristics of the study population.
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Restricted Cubic Splines

First of all, the RCS in Figure 3 proved the linear relationship between FVTC and the occurrence of AKI as well as between FVTC and ICU mortality and hospital mortality (P for non-linearity >0.05).


[image: Figure 3]
FIGURE 3. Dose-response relationships between vancomycin trough concentration and the outcomes. (A–C) represent the occurrence of AKI, ICU mortality, and in-hospital mortality.




Univariate and Multivariate Analyses

The logistic regression/COX model showed that FVTC, whether as a continuous or a categorical variable, was positively correlated with the occurrence of AKI, ICU mortality, and in-hospital mortality when unadjusted. The results of VIFs prior to multivariate analysis were listed in Supplementary Table S1, with VIFs between 1 and 5 for each variable, illustrating the absence of multicollinearity problems (27). After adjusted by age, weight, gender, SOFA score, type of patient's first admission to ICU, ventilator use, vasopressor use, comorbidities, source of infection, infectious pathogen, co-infection with Gram-negative bacilli, duration of vancomycin use, vital signs, and the laboratory test result, FVTC was still a risk factor with the occurrence of AKI (OR: 1.02; 95% CI:1.01–1.04), ICU mortality (HR:1.02; 95% CI:1.01–1.03), and in-hospital mortality (HR:1.02; 95% CI:1.01–1.03), which means that for every unit increase in FVTC, the risk of AKI, ICU and in-hospital mortality increases by 1.02 times. When FVTC was treated as a categorical variable, group 3 and group 4 had a significant relationship on the occurrence of AKI [group3 (OR:1.36; 95% CI: 1.02–1.81); group 4 (OR: 1.76; 95% CI: 1.32–2.35)]and ICU mortality [group3 (HR: 1.47; 95% CI: 1.03–2.09); group4 (HR: 1.87; 95% CI: 1.33–2.62)], compared to group 1, while group 4 had a significant effect on in-hospital mortality (HR: 1.48; 95% CI: 1.15–1.91). From another point of view, in comparison with group 1, groups 3 and 4 can increase the risk of AKI in patients by 1.36 and 1.76 times, and can increase the risk of ICU mortality by 1.47 and 1.87 times, while group 4 can increase the risk of in-hospital mortality by 1.48 times (Table 2).


Table 2. Analysis of the associations between outcomes and vancomycin.
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Subgroup Analyses

In the subgroup analysis between continuous variables of FVTC and the primary outcome AKI, they lacked an interaction (Table 3), suggesting a consistent association between patient populations with different characteristics and AKI risk (28).


Table 3. Subgroup analysis of the associations between the occurs of AKI and vancomycin trough concentration (continuous variable).
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DISCUSSION

Vancomycin is widely used, and scholars should focus on the evaluation of its efficacy and adverse reactions. A total of 3,917 critically ill patients treated with vancomycin in MIMIC-IV database were included in this study, of whom 2,805 developed AKI, with an incidence of 71.6%, which was significantly higher than that in other studies. This is due to the complex disease basis, multiple drug combinations and other risk factors of patients in intensive care environment. FVTC was used to study the effect on the incidence of AKI and mortality. After multivariate logistic regression, the risk of AKI increased 1.02 times with 1 unit increase in VTC. Meanwhile, patients with FVTC between 15 and 20 mg/L and >20 mg/L would have 1.36- and 1.76-times higher risk of AKI than those in the control group (<10 g/mL), respectively. Similar trends were observed in the analysis of ICU and in-hospital mortality risk.

Although the mechanisms of vancomycin and nephrotoxicity have not been fully elucidated yet, the following mechanisms have been studied. First, in the dose-dependent mechanism, when vancomycin is excreted by the kidneys, renal tubular epithelial cells can be exposed to the drug for a long time. With increasing concentration in urine, the concentration of the drug continues to increase, and crystals containing drugs and their metabolites directly damage the renal tubules or form a cast obstruction, leading to kidney damage (29). Second, in the dose-independent mechanism, vancomycin can directly increase the oxygen consumption of renal tubular epithelial cells, activate the oxidative stress response, and induce mitochondrial damage, inflammatory response, and other cell apoptosis (30); these phenomena can cause renal tubular ischemia and acute tubular injury (31). In the past, maintaining vancomycin trough concentrations at “15-20 mg/L” was widely used in clinical practice, but an increasing number of published studies have reported a strong relationship between this range and vancomycin-induced nephrotoxicity (32, 33). The present study also reached a consistent conclusion.

It has been supported that maintaining vancomycin at a higher minimum concentration of ≥15 mg/L in the treatment of severe infections can improve the clearance of infectious bacteria and thus improve the prognosis of patients (34). However, our analysis of the secondary outcomes showed that FVTC, whether as a continuous or categorical variable, is a risk factor for ICU mortality and in-hospital mortality. After multiple COX regression analyses, the risk of death in ICU and hospital increased by 1.02 times as the VTC increased by 1 unit. When the patient's FVTC was between 15 and 20 mg/L, it could increase the risk of ICU mortality by 1.47 times, while at the same time, when the FVTC was higher than 20 mg/L, the risk of ICU and in-hospital mortality increased by 1.87 and 1.48 times, respectively. When the trough concentration of vancomycin is too high, it will not benefit the infected patients but may also induce nephrotoxicity and other drug-related side effects and increase the mortality of patients. Therefore, in clinical applications, after ensuring that vancomycin achieves effective treatment outcome, a lower blood concentration can reduce the occurrence of AKI, which is more beneficial to patients. When vancomycin causes kidney damage in patients, it will cause water and electrolyte disorders and abnormal blood coagulation in the body. In critically ill patients, even mild, reversible AKI can increase the risk of death (35). In 2020, the latest version of the guidelines revised the previous treatment principles and pointed out that maintaining the VTC of severely infected patients at 15–20 mg/L as a medication guideline is no longer recommended to avoid the occurrence of adverse reactions (36).

At present, the situation of clinical anti-infective treatment is becoming more and more serious, and the infection of severe patients is often severe and urgent (37). It is recommended that clinicians should also take into account the renal toxicity after drug application when covering possible pathogens in empirical treatment to prevent the occurrence or aggravation of renal impairment in patients (38). For severe patients treated with vancomycin, the treatment plan of vancomycin should be optimized, the FVTC and renal function indexes of patients can be closely observed, the risk factors of vancomycin-related acute kidney injury should be avoided as much as possible, which not only can early detection of renal damage, to avoid irreversible renal damage, but also beneficial to reduce the risk of death of patients.



ADVANTAGES AND LIMITATIONS

This study used the large public database MIMI-IV to verify the relationship between FVTC and AKI and mortality in critically ill patients. The large sample size provided a benefit to our study. In addition, we proved the connection between FVTC and the outcome from continuous and categorical variables; this finding is more convincing and improves the clinical application value of FVTC. However, this study still has certain limitations. First, because this study was retrospective, some confounding bias was inevitable, so some factors that could potentially affect the patients' renal function like exposure to radioactive contrast dye or drugs were not adjusted for in the model. In addition, this study did not directly analyze the impact of the combination of a specific antibiotic on outcomes. In future studies, further exploration with real-world patient data should be conducted to contribute to the vancomycin dosing regimen.



CONCLUSIONS

FVTC is associated with the occurrence of AKI and increased ICU and in-hospital mortality in critically ill patients. Therefore, in clinical practice, patients in intensive care settings receiving vancomycin should be closely monitored for FVTC to prevent drug-related nephrotoxicity and reduce patient mortality.
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