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There have been good amounts of population pharmacokinetics (PPK) models of vancomycin for Chinese pediatric patients, but none of them had a special focus on modeling infant population with different levels of renal function. Since renal function variability is prominent among infant population and the clearance (CL) of vancomycin is heavily related to renal excretion, it is important to establish precise PPK models based on individual renal function levels. We employed a PPK approach to develop three models of vancomycin in parallel for Chinese pediatric patients with normal renal function [estimated glomerular filtration rate (eGFR) between 30 and 86 ml/min/1.73 m2, Model 1], with augmented renal function (eGFR ≥ 86 ml/min/1.73 m2, Model 2), or with all levels of renal function (Model 3). Three one-compartment models with first-order elimination kinetics were established. The predictive ability of Model 1 and Model 2 among each certain population is comparable with that of Model 3 with no statistical difference. Our study revealed that among the infant population with augmented renal function, only body weight was included as a covariate, which indicated that for an infant whose eGFR ≥ 86 ml/min/1.73 m2, taking blood sample is not compulsory for predicting vancomycin blood concentration, which avoids unnecessary injury to vulnerable infants.
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INTRODUCTION

Vancomycin is an old glycopeptide antimicrobial drug developed in the 1950s, which renders its pharmacological effects by interfering with the cell wall synthesis of Gram-positive bacteria (1). For decades, it remained in the first-line choice for the treatment of methicillin-resistant Staphylococcus aureus (MRSA), which was recommended by the guidelines issued by the Infectious Diseases Society of America and specific pediatric guidance (2). Vancomycin is a hydrophilic drug and mainly eliminated through the glomerular filtration. Approximately 90% of the drug remain unchanged during the excretion process (3). Thus, renal function plays a pivotal role in the pharmacokinetics of vancomycin.

Augmented renal function (ARC) is defined as enhanced renal elimination of solute as compared with an expected baseline. In the context of antibacterial therapy, ARC has the potential to result in subtherapeutic dosing, treatment failure, or selection of resistant microorganisms (4). One study suggested that a large proportion (67%) of critically ill children develop ARC during their stay at the intensive care unit (5). However, the mechanism of ARC has not reached a consensus, but several authors argued that systemic inflammatory response syndrome (SIRS) and renal function reserve (RFR) can be associated with ARC (6). We believe that the ARC infant population share similar physiological condition and possess their unique pharmacokinetics characteristics. Thus, it is important to establish population pharmacokinetics (PPK) models of vancomycin based on different renal function levels.

Several studies on the PPK model of vancomycin for neonates and infants have been published. However, findings from these reports varied a lot. The full characteristics of these previous results are listed in Table 1. We found that almost all of these models included weight (WT) as a covariate in the final model, but some renal function indicators, like serum creatinine (SCR) or creatinine clearance rate (CLCR), were only retained in part of these models. One of explanations is that all of these PPK models were commonly built on a mixture of patients with different renal function levels. Due to population selecting differences, some factors that should be included or excluded in certain group of people with similar physiological condition may or may not be retained in the models, which led to some missing parameters or redundancy of some parameters.


Table 1. A mini-review of previous vancomycin PPK models for pediatric patients.
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The aim of this study was to develop two PPK models of vancomycin for Chinese infants with normal and ARC levels and to analyze the parameter differences between the two models. We also wanted to determine whether the predictive performance of the two final models was better or not when compared with that of a third model built on the whole population data with all levels of renal function (a traditional approach used by previous studies).



MATERIALS AND METHODS


Patients

Pediatric patients who received vancomycin treatment between January 2017 and July 2021 in Children's Hospital of Nanjing Medical University were enrolled in our study. The inclusion criteria were as follows: (1) post-natal age between 1 and 24 months, (2) received vancomycin through an intravenous infusion for at least 3 days, (3) at least one trough and one peak vancomycin blood concentrations were assayed, and (4) estimated glomerular filtration rate (eGFR) ≥ 30 ml/min/1.73 m2. Age, WT, height (HT), alanine transferase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), SCR, Cystatin C (CYSC), albumin (ALB), total protein (TP), daily dosage (DD), and concomitant medication were retrospectively collected from the electronic medical records of the hospital information system. eGFR was calculated by the modified Schwartz formula (7):
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where k is 0.33 for preterm infants <1 year, 0.45 for full-term infants <1 year, and 0.55 for children between 2 and 12 years.

The external validation groups were randomly sampled from the whole population group. The rest of the patients were all recruited in the modeling group. According to Heilbron et al. normal GFR during infancy classification (8), we choose 30–86 ml/min/1.73 m2 as the threshold value for infant normal renal function level. Patients whose eGFR were between 30 and 86 ml/min/1.73 m2 were enrolled in the normal renal function group, while patients whose eGFR were ≥86 ml/min/1.73 m2 were enrolled in the ARC group. The study was conducted according to the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of the Children's Hospital of Nanjing Medical University (9). Patient consent was waived due to the nature of retrospective study.

Vancomycin (VIANEX S.A, Pallini, Greece) was administrated through intravenous infusion. For studied infants, the dosage of 40 mg/kg should be administrated two to four times per day, and the intravenous infusion time should be longer than 60 min. Dose adjustment was performed according to the results of therapeutic drug monitoring (TDM) of vancomycin, clinical efficacy, and adverse reactions.



Bioassay

Whole blood samples were collected and assayed 30 min before the fifth administration of a series of same dosage of vancomycin for the trough concentration data and 30 min after the fifth administration of vancomycin for the peak concentration data. Enzyme multiplied immunoassay technique (Emit® 2000; SIEMENS, Munich, Germany) was employed for the quantitative analysis for vancomycin. The calibration range of the assay was 2.0–50 μg/ml (1.3–34 μmol/L). Quality control samples with a deviation of ±15% were applied to ensure the accuracy and precision of the EMIT method. The accuracy and precision of quality control samples based on three concentration levels were all within the acceptable criteria. At least one trough and one peak concentrations were collected for each enrolled child.



Model Building

The NONMEN program (Version 7.4; Icon Inc., North Wales, PA, USA) compiled with gFortran (Version 4.9.2) was employed to establish the PPK models of vancomycin. R package version 3.6.1, and Xpose 4.5.3 were used to evaluate the models (10). The following model building procedure was employed to develop three models in parallel:

Model 1: Vancomycin PPK model for normal renal function (eGFR between 30 and 86 ml/min/1.73 m2) group

Model 2: Vancomycin PPK model for ARC (eGFR ≥ 86 ml/min/1.73 m2) group

Model 3: Vancomycin PPK model for the whole population group with all levels of renal function (the patient data model 3 built was generated by combining the patient data for models 1 and 2).



Base Model

According to previous PPK studies of vancomycin in pediatric patients, we chose one-compartment model with first-order elimination, specified to NONMEM by ADVAN1-TRANS2 subroutine, as the foundation of base model. The one-compartment PK parameters include clearance (CL) and apparent volume of distribution (V). Between-subject variability (BSV) was described by exponential, proportional, and additive models separately; and exponential model was chosen at last for its better fitting results. The formula is described as follows:
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where Pi represents the ith patient's individual PK parameter value; TV(P) represents the typical individual parameter value; ηi is the random variable, which has zero mean and variance of ω2; and EXP(ηi) represents the deviation of TV(P) from Pi.

Then, residual variance was evaluated by the additive model, proportional model, and mixed-error model, as follows:
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where Y represents the individual observed concentration and F represents the individual predictive concentration. ε is a symmetrical variable with a mean of zero and variability of σ2. Among all of three residual variance models, the one that can reach the smallest objective function values (OFVs) is retained in the base model. In addition, the final results of bootstrap analysis and the trend of goodness-of-fit (GOF) plots determined whether this expression of residual variance can be at last retained in the final model or require some modifications.



Covariate Model

Previous studies have identified that WT and (or) age were the most important variables that must be taken into consideration when establishing PPK models for young infants (11). Thus, these two covariates were evaluated at first in a series of maturation models. Maturation refers to the process of becoming mature in individual traits, like personality and behavior, and is generally considered a continuous function that achieves an asymptote at the adult value at some growth point (12). Similarly, the maturation model that can reach the smallest OFV was recognized as the intermediate model and developed further. The general maturation model expresses as follows: where COVmedian means the median of the covariate, MF means the maturation factor:
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Maturation model I: MF was fixed to 1. Exponents m and n were unfixed.
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Maturation model II: MF was fixed to 1. Exponent m was fixed to 0.75 empirically, and n was removed from the expression of V (12).
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Maturation model III: Exponent m was fixed to 0.75 empirically. MF was calculated as the following equation, where TM50 is the age at which CL maturation reaches 50% of that of adults and Hill is a slope parameter (13).
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Maturation model IV and V: θ0 was defined as an exponent at an ideal WT of 0 in maturation model IV or at an Age of 0 years in maturation model V. kmax is the maximum decrease of the exponent; k50 is the WT (maturation model IV) or Age (maturation model V) at which a 50% decrease in the maximum decrease is attained; and the Hill coefficient is used to determine the steepness of the sigmoid decline (13, 14).
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Once a proper maturation model was selected, the intermediate PPK model was further developed by stepwise forward addition and backward exclusion method. In these two consecutive procedures, sex, age, HT, ALT, AST, BUN, SCR, CYSC, ALB, TP, eGFR, and concomitant medications were screened. The covariate screening criteria were as follows: (1) in the stepwise forward addition process, if OFV decreased >3.84 (χ2, df = 1, p < 0.05) after the inclusion of a candidate covariate, then this covariate can be retained in the model. (2) In the backward exclusion process, if the increase in OFV was <10.83 (χ2, df = 1, p < 0.001) after the exclusion of an in-model covariate, then the covariate was excluded from the final model.



Model Evaluation

GOF plots, which consist of observation (DV) vs. individual prediction (IPRED), DV vs. population prediction (PRED), conditional weighted residual errors (CWRES) vs. time, and CWRES vs. PRED, were utilized to visually check the performance of the final models (15). Visual predictive check (VPC) was also employed to check the predictive ability of each model. Then, bootstrap analysis was employed to check the stability of the final parameter estimates with the repetition of 1,000 NONMEM runs of the final models (16). Success rate of 1,000 NONMEN runs, 2.5–97.5% range of the bootstrap results, and bias between bootstrap results and NONMEN estimates was calculated to quantitatively evaluate the accuracy of parameter estimates. Finally, an external validation was carried out for all the final models to test and compare the predictive ability of each model. Model 1 and Model 3 were compared among a group of external infants with normal renal functions (eGFR between 30 and 86 ml/min/1.73 m2), while Model 2 and Model 3 were compared among a group of external infants with ARCs (eGFR ≥ 86 ml/min/1.73 m2). The mean prediction error (MPE), mean relative prediction error (MPE%), mean absolute prediction error (MAE), mean relative absolute prediction error (MAE%), and root mean squared prediction error (RMSE) suggested the predictive precision of the final models (17). These indicators were calculated by the following equations (18):
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where n represents the number of observations, CIPRED represents individual predictive concentration, and COBS represents observed concentration. Statistical analysis was performed by SPSS 22.0 statistical software (IBM, Armonk, NY, USA). Wilcoxon signed-rank test were used to compare the external validation results.




RESULTS


Patients

A total of 115 patients in total were enrolled in the modeling group, among whom 61 patients were enrolled in the normal renal function group and 64 patients were enrolled in the ARC group. The numbers of the two groups add up over 115 because some patients experienced renal function fluctuation during long treatment period and were counted twice in both groups. In total, 276 vancomycin concentrations were assayed, including 158 trough concentrations and 118 peak concentrations. More detailed demographic, laboratory, and clinical data for each group are summarized in Table 2.


Table 2. Demographic, laboratory and clinical data of the modeling groups.
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There were 55 patients in total enrolled in the external validation group, and among them, 21 belonged to the reduced renal function group, and the rest 34 belonged to the normal renal function group. More detailed demographic, laboratory, and clinical data for each group are summarized in Table 3.


Table 3. Demographic, laboratory, and clinical data of the external validation groups.
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Model Building

According to covariate screening criteria, for Model 1 and Model 3, SCR and WT were identified as significant covariates. However, for Model 2, only WT was kept in the final model. The establishment of intermediate maturation model and the covariate screening process of Model 1 were exhibited in Table 4 as an example. The parameter estimates are listed in Tables 5–7. The three final models are as follows:


Table 4. The covariate model building process of Model 1.
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Table 5. NONMEN estimates and bootstrap analysis of Model 1.
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Table 6. NONMEN estimates and bootstrap analysis of Model 2.
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Table 7. NONMEN estimates and bootstrap analysis of Model 3.
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Model 1: The PPK model of vancomycin for Chinese infants with normal renal function.
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Model 2: The PPK model of vancomycin for Chinese infants with ARC.
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Model 3: The PPK model of vancomycin for the whole population with all levels of renal function.
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Model Evaluation and Comparison

Firstly, all three final models were inspected using GOF plots. Figures 1–3 suggest that the three final models showed no obvious bias or significant trends that are deviated from y = x or y = 0. The CWRES were randomly distributed around zero line, and most of the residuals range from −2 to 2. All these plots indicated the robustness of the final models. Figures 4–6, VPC results of the three models, suggest that the fifth and 95th (90%) percentile PIs covered most of the observations, indicating a good predictive performance of the final models. Then, bootstrap analysis was conducted for each model, and the results (Tables 5–7) suggest that the parameter estimates were close to the bootstrap results with all biases <5%. In addition, the success rate of 1,000 times bootstrap analysis was 100%, suggesting that all three models were stable. The results of shrinkage of empirical Bayes estimates (EBEs) of Model 1, Model 2, and Model 3 are listed in Table 8, which are all below 20%. Finally, the results of external validation are listed in Table 9. The external validation results indicated that the predictive performance of Model 1 and Model 2 are comparable with Model 3 with no statistical differences (p > 0.05), but not improved.


[image: Figure 1]
FIGURE 1. Goodness-of-fit (GOF) plots of Model 1: (A) observed concentration (DV) vs. population prediction (PRED); (B) DV vs. individual prediction (IPRED); (C) conditional weighted residual errors (CWRES) vs. PRED; (D) CWRES vs. Time.
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FIGURE 2. Goodness-of-fit (GOF) plots of Model 2: (A) observed concentration (DV) vs. population prediction (PRED); (B) DV vs. individual prediction (IPRED); (C) conditional weighted residual errors (CWRES) vs. PRED; (D) CWRES vs. Time.
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FIGURE 3. Goodness-of-fit (GOF) plots of Model 3: (A) observed concentration (DV) vs. population prediction (PRED); (B) DV vs. individual prediction (IPRED); (C) conditional weighted residual errors (CWRES) vs. PRED; (D) CWRES vs. Time.
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FIGURE 4. Visual predictive check (VPC) of Model 1. Circles represent observations. The red solid lines represent the median of simulated concentrations, and the blue solid lines represent the 90% PI (5 and 95%) of the predictive vancomycin concentrations. The shaded areas represent the 95% CI for each line.



[image: Figure 5]
FIGURE 5. Visual predictive check (VPC) of Model 2. Circles represent observations. The red solid lines represent the median of simulated concentrations, and the blue solid lines represent the 90% PI (5 and 95%) of the predictive vancomycin concentrations. The shaded areas represent the 95% CI for each line.
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FIGURE 6. Visual predictive check (VPC) of Model 3. Circles represent observations. The red solid lines represent the median of simulated concentrations, and the blue solid lines represent the 90% PI (5 and 95%) of the predictive vancomycin concentrations. The shaded areas represent the 95% CI for each line.



Table 8. Shrinkage of empirical Bayes estimates (EBEs) of Model 1, Model 2, and Model 3.
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Table 9. The MPE, MPE%, MAE%, and RMSE values of the external validation.
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DISCUSSION

A good number of PPK models of vancomycin for Chinese pediatric patients have been established. However, to the best of our knowledge, the PPK model of vancomycin for Chinese infants based on different levels of renal function has not been proposed before. Zaric et al. established a PPK model of vancomycin for adult patients with different renal function levels in 2018 (19), but this method has not been investigated among Chinese infants yet. So this study was the first one to conduct such an attempt. Furthermore, after literature research, we found out that almost all PPK models of vancomycin for pediatric patients included body weight as an important covariate, but some typical physiological indicators that reflect renal function levels, such as SCR, CLCR, and eGFR, were not included in the final models. We speculated that this was because in certain group of people, out of some physiological reasons, these renal function indicators cannot synchronously reflect the change of blood vancomycin concentration, which eventually leads to the exclusion of these renal function indicators from the final models. Plus, we believe renal function level was the key factor that can define population group, whose data will later shape the PK characteristics of each final model. All of these findings and speculations led us to carry out such a study.

This study separately established the PPK models of vancomycin for Chinese infants with normal renal function and with ARC for the first time and compared the predictive ability of these two models with the whole population group model. In the model covariate optimization procedure, sex, age, WT, HT, ALT, AST, BUN, SCR, CYSC, ALB, TP, and eGFR were investigated. Among the pediatric population with normal renal function, WT and SCR are the main determinants for the vancomycin CL, which was in accordance with the model based on the whole population data. However, among the ARC group, only WT was included as a covariate, which agreed with the findings of Lv et al. in 2020, who demonstrated that body weight with allometric scaling was the only significant determinant on CL and V in the group of Chinese hematologic malignancy children with eGFR ≥130 ml/min/1.73 m2 (7), and Yamamoto et al. in 2009 observed that the clearance of vancomycin was linearly correlated to CLCR in patients with renal insufficiency (CLCR < 85 ml/min/1.73 m2), but there was no linear relationship when CLCR was ≥85 ml/min/1.73 m2 (20).

The diagnostic GOF plots, VPC, and bootstrap analysis indicated that all three models were stable. The external validation indicated not only the good predictive performance of the three models but also that the predictive performance of Model 1 and Model 2 is comparable with Model 3 with no statistical differences (p > 0.05). Additionally, Li et al. proposed a PPK model of vancomycin for Chinese ICU neonates, whose postnatal age ranged from 4 to 126 days, in 2018 (21). This was the latest model for this population prior to our study, and our model expanded the postnatal age range to 2 years.

The model for the normal renal function group included SCR as a covariate, but the model for the ARC group did not. Since vancomycin is hydrophilic with a large molecular volume and many non-ionic groups (22), the tissue distribution speed of vancomycin is expected to be limited by the lipid membrane. Moreover, Du et al., by using an established physiologically based pharmacokinetics (PBPK) model, found out that the concentration of vancomycin in renal tubules was about 40–50 times higher than that in plasma. Also, the PK characteristics of vancomycin in kidney were quite different from that in plasma and renal tubules, which showed a delay in time to peak and a much slower drug elimination speed. In the PBPK model of kidney-injury patients, they found out that concentrations of vancomycin in both the kidney tubule and the kidney decreased slightly. When the renal function of the patients changed from moderate to severe injury, both the amount of vancomycin and its concentration in kidney tubules and kidney decreased further (23).

Thus, one of the possible explanations for the difference between Models 1 and 2 is that among the pediatric population with normal renal function, due to less permeability of lipid membrane compared with the ARC population, it is a longer process for both SCR and vancomycin to be transported from plasma to kidney. So SCR level can be seen as an indicator for vancomycin clearance and should be included in the PPK model development. However, among the population with ARC, due to the augmented permeability of lipid membrane, vancomycin can be transported into kidney at a much higher speed. The vancomycin mainly exists in kidney with 90% remaining unchanged. Plus, the clearance rate of vancomycin in kidney is much slower than that in plasma and renal tubules. All these factors lead to the loss of synchronicity between the blood vancomycin concentration and SCR level. Thus, SCR as a covariate was finally excluded from the final model in Model 2.

The results of our study suggest that for infant population whose GFR ≥ 86 ml/min/1.73 m2, only body weight data are sufficient for constructing vancomycin predictive models. Thus, taking blood sample is not compulsory for predicting vancomycin blood concentrations, which avoids unnecessary injury to vulnerable infants.

There are some limitations to this study. The first question should be addressed is why Model 1 and Model 2 did not show predictive improvement over Model 3 as we expected. Before model building process, we expected that models built on population sharing similar physiological condition can perform better when predicting the same population. However, the results seem to not support our hypothesis. We believe that this does not mean that our hypothesis should be denied. Our subgroups were extracted from a larger group; thus, the larger group contains all the information that the subgroups have. Thus, they possess same predictive ability at last. We will delve into this question in our future study by separately recruiting comparable amount of patients for Model 1, Model 2, and Model 3, rather than extract Models 1 and 2 population data from Model 3. The second limitation is that the normal renal function classification for infants is quite sophisticated. We choose the range of 30–86 ml/min/1.73 m2 to carry out our research because most of our patients are in the age range of 37–95 days. Our simplification to 30–86 ml/min/1.73 m2 may lead to model inaccuracy for certain infant age groups. The third limitation is that we used a one-compartment model rather than a two-compartment model, which was reported several times in previous studies and may better fit for the PK characteristics of vancomycin, to simplify the model building process. The simplification to one-compartment model may lead to deviation of clearance estimation. However, observations from the models show that the bias is acceptable. The fourth limitation is that the influence of infectious disease type on vancomycin pharmacokinetics was not evaluated. In previous studies, disease type was included as a significant covariate (20), but in this research, disease type was not studied. This may lead to some missing important variables that should be included in the final model.

To sum up, this study proposed a set of vancomycin PPK models based on renal function levels by using data from infants who were prescribed with vancomycin. Among infants with normal renal function level, WT and SCR were identified as significant covariates, while among infants with ARC level, WT was the sole significant covariate. Based on the results, for an infant whose eGFR ≥86 ml/min/1.73 m2, taking blood sample is not compulsory for predicting vancomycin blood concentration, which avoids unnecessary injury to vulnerable infants.
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eGFR, estimated glomerular filtration rate; DD, daily dosage.
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eGFR, estimated glomerular filtration rate; DD, daily dosage.
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