Evaluation of vancomycin concentrations in critically ill patients receiving continuous renal replacement therapy: Data from the single-center VALLEY study
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Abstract
Introduction
Achieving vancomycin therapeutic targets is essential, especially in the treatment of methicillin-resistant Staphylococcus aureus. However, this is particularly challenging in critically ill patients receiving continuous renal replacement therapy (CRRT). The study aims to characterize the pharmacokinetics (PK) of vancomycin, as well as its therapeutic target attainment in critically ill patients receiving CRRT in the Malaysian population.

Methodology
This was a prospective PK study of vancomycin using a standard dosing regimen in critically ill patients receiving CRRT. Serial blood samples were collected over one vancomycin dosing interval at a steady state. Non-compartmental and population PK analyses were used to describe the PK parameters. Therapeutic target attainments were assessed based on two targets i) trough concentrations between 15-20 mg/L and ii) AUC/MIC 400-600. The probability of target attainment of different dosing regimens was assessed using Monte Carlo simulation. 

Results
A total of six patients was recruited with the mean (±standard deviation) age, total body weight, APACHE, and SOFA scores of 50.0±15.8 years, 70.0±10.9 kg, 23.8±3.3 and 11.7±2.7 respectively. The initial vancomycin dosing regimen used was 22.6±4.3 mg/kg/day. The median (interquartile range) vancomycin total clearance (CLtotal) and volume of distribution (Vd) were 1.3 (1.0-1.8) L/h and 35.9 (31.7-44.6) L respectively. A two-compartment linear model best described the concentration-time data. The observed median AUC0-24 and Cmin were 399.6 (374.3-515.6) mg.h/L and 11.9 (10.9-15.1) mg/L, respectively. The observed Cmin correlated significantly with the calculated AUC0-24 (r=0.90, P=0.009). 

Conclusion
Varied vancomycin PK parameters and substantial clearance of the drug was observed in this study. Higher initial vancomycin dosing regimen (e.g up to 25 mg/kg) can be considered to facilitate immediate achievement of vancomycin therapeutic targets in patients receiving similar or higher CRRT settings.



Introduction
After over 60 years of use, vancomycin still remains the preferred therapeutic agent for methicillin-resistant Staphylococcus aureus (MRSA) infections. Therapeutic drug monitoring (TDM) is recommended to ensure optimal efficacy and minimize toxicity, particularly for severe MRSA infections (1).  The optimal target for vancomycin therapy is an area under the concentration-time curve to the minimum inhibitory concentration (AUC/MIC) ratio of ≥ 400, with a trough concentration of 15 to 20 mg/L serving as a surrogate for this target AUC/MIC, provided that the MIC is 1 mg/L (1-5). However, recent consensus guidelines on vancomycin TDM for serious MRSA infections have shifted away from relying solely on trough concentrations due to concerns about increased nephrotoxicity and limited efficacy data supporting this approach (1). 

	Nonetheless, achieving this pharmacokinetics and pharmacodynamic (PK/PD) target of vancomycin is challenging in critically ill patients, especially in those receiving renal replacement therapy (RRT). Continuous RRT (CRRT) is one of the strategies commonly used in the intensive care units (ICU) worldwide, including Malaysia (6). This modality, together with other forms of RRT could affectively remove antibiotics that are predominantly cleared by the renal system, including vancomycin (7-12). Noteworthy, systematic reviews of published PK data concluded that the current body of literature is insufficient in informing physicians on effective antibiotic dosing in patients undergoing RRT (13, 14). The gap of knowledge includes data on antibiotic clearances in patients undergoing RRT, modification and alteration of antibiotic dosing from one RRT setting to the other, and rational approach to PK sampling and analysis. This is also seen with vancomycin, whereby there remains questions on the optimal dosing of the antibiotic in critically ill patients receiving CRRT, particularly in the Asian population. 

	In this study, we sought to describe the pharmacokinetics of vancomycin and its pharmacodynamics attainment in critically ill patients receiving CRRT and to simulate the dosing regimens that possibly represent optimal dosing to the study cohort of Malaysian critically ill patients. We will also assess the trough-based approach, and compare it with the current recommended standard, which is the AUC/MIC.



Methodology
Study design and patient selection
[bookmark: _Hlk138798357]This is an open-label, prospective, observational pharmacokinetic study conducted at adult medical and surgical intensive care units (ICUs), of a tertiary public hospital in Malaysia. The Medical Research Ethics Committee, Malaysia, approved the study (NMRR-16-2342-33429), and informed consent was obtained from all subjects or their substitute decision-makers prior to study enrolment. We recruited adult patients receiving vancomycin while on CRRT for at least 24 hours, irrespective of the indication for vancomycin treatment. Initiation and adjustment of CRRT were at the discretion of the attending local ICU physician and nephrologist. CRRT was administered as continuous venovenous haemofiltration (CVVH), using the AN69 hamemofilter and Prismaflex with the surface area of 0.9 and 1.2 m2, respectively. The standard setting of blood flow rate and replacement fluid rate is 200 ml/min and 2000 ml/H, respectively. Replacement fluids were administered pre- and post-dilution at a ratio of 1:1.

Vancomycin dosing regimen and administration
The initial vancomycin prescription and dosing regimens were at the discretion of the ICU physicians. The usual regimen for the therapy in adults patients receiving CRRT was as follows: intravenous (IV) vancomycin 750 mg every 12 hour, infused over 60 minutes, followed by adjustment of the subsequent doses based on the vancomycin TDM results. The first TDM was performed during the third dose (i.e., when vancomycin has attained steady state) of vancomycin with the target trough level of 15-20 mg/L.

Data collection and pharmacokinetic sampling
Clinical data collected include patient demographics, baseline acute physiology and chronic evaluation (APACHE) II scores, sequential organs failure assessment (SOFA) scores, and baseline clinical parameters before enrolment, as well as vancomycin dosing, timing, frequency, and CRRT operational characteristics (dialyzer, filter, blood, and dialysate flow rates, and fluid removal). Details on the vancomycin dosing and timing relative to the CRRT initiation were also collected. 

A serial serum sampling was performed within one dosing interval at the following pre-determined time points: 0, 30, 60, 90, 120, 240, 360, 480, 600, and 720 minutes A total of 3 mL of serum was collected from the designated sampling port located at the post-filter arm of the CRRT circuit, resulting in a cumulative volume of 30 mL per subject. Subsequently, the collected samples were centrifuged and immediately assayed, or stored at temperatures between -70 to -80oC for later assay.

Vancomycin serum concentrations assay
Vancomycin total drug concentrations were analysed and measured using a validated immunoassay at the Therapeutic Drug Monitoring Unit, Department of Pharmacy, Hospital Tengku Ampuan Afzan, Kuantan.

Pharmacokinetic, population PK, and statistical analyses
Direct observation and non-compartmental analysis were used to calculate vancomycin maximum concentration (Cmax), minimum concentration (Cmin), elimination rate constant (Ke), half-life (t1/2), total clearance (CLtotal), the volume of distribution (Vd), the 24-H area under the curve (AUC0-24). To describe vancomycin concentrations, one-,two- and three-compartment models were developed using the Nonparametric Adaptive Grid (NPAG) algorithm within the freely available Pmetrics software package for R (Laboratory of Applied PharmacoKinetics and Bioformatics [LAPK], Los Angeles, Ca, USA). A stepwise approach was followed in the model building process; determination of the structural base model – one, two or three compartments were fitted to the concentration-time data, selection of the best fit statistical – both the additive and multiplicative error models were tested, development of covariate model – clinical covariates were assessed for biological plausibility and evaluated in the covariate analysis, lastly, final model evaluation – diagnostic plots and statistical examination through objective function values were used for comparison and selection of models. Monte Carlo simulations (n=1000) were employed using Pmetrics and the final population pharmacokinetic model to determine the probability of target attainment (PTA) of achieving the pharmacokinetic/pharmacodynamics target of ratio area under the concentration-time curve from time zero to 24 h (AUC0-24) to minimum inhibitory concentration (MIC) ≥400 (AUC/MIC ≥400).

Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad, Inc., USA) software. Continuous variables were presented as mean ± standard deviation or median with an interquartile range, where applicable. Categorical data variables were presented as counts with a percentage. Spearmann correlation was performed to identify the association between vancomycin trough concentration and the calculated AUC0-24. Differences with P < 0.05 were considered statistically significant.

Vancomycin therapeutic target attainment
The EUCAST breakpoint for Staphylococcus aureus susceptibility to vancomycin was used to determine the therapeutic target attainment. AUC/MIC of 400 to 600 and/or trough concentrations between 15 to 20 mg/L were used as the targets of pharmacokinetic and pharmacodynamic (PK/PD).

Results
Patient’s demographic
Six patients were included in the study, all of whom were mechanically ventilated and anuric. These patients had received continuous veno-venous hemofiltration (CVVH) for at least 24 hours before PK sampling. The mean (SD) age, total body weight, APACHE, and SOFA scores were 50.0±15.8 years, 70.0±10.9 kg, 23.8±3.3 and 11.7±2.7 respectively. Notably, all study subjects received an initial daily dose of 1500 mg/day of vancomycin, equivalent to a median daily dose of 22.6±4.3 mg/kg/day. Patients’ characteristics are summarized in Table 1.

Vancomycin PK parameters and target attainment during CRRT
The study analysed a total of sixty blood samples obtained from the enrolled subjects (Figure 1). The median (interquartile range) vancomycin total clearance (CLtotal) and volume of distribution (Vd) were found to be 1.3 (1.0-1.8) L/h and 35.9 (31.7-44.6) L, respectively. The observed maximum (Cmax) and minimum concentrations (Cmin) were 31.1 (30.5-32.8) and 11.9 (10.9-15.1) mg/L, respectively, with the mean time to Cmax of 1.8±0.3 h. The median AUC0-24 was 399.6 (374.3-515.6) mg.h/L. Assuming that the vancomycin is 1 mg/L, three (50%) patients achieved the desired PK/PD target of AUC/MIC≥ 400 and/or trough concentration 15-20 mg/L. The concentration data in the study were best described by a two-compartment linear model (Figure 2). A strong correlation was also observed between the calculated AUC0-24 and observed Cmin (r=0.90, n=6, P=0.009) (Figure 3).

Vancomycin dosing simulation
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]For the simulated dosing regimens using Monte Carlo simulation (MCS) (Figure 4), regimens A and B were able to (will insert the details here once we have rerun the MCS data)

Discussion
We observed varied vancomycin PK parameters, as previously reported in other studies (8, 10, 15). For instance, Megan E DelDot et al. evaluated vancomycin PK in critically ill patients receiving similar daily doses of 1500 mg vancomycin intravenously (10). Notably, a different mode of CRRT was used; high-intensity (~37 ml/kg/hour) continuous venovenous haemodiafiltration (CVVHDF) resulted in higher mean total CL, calculated AUC0-24 and Cmin of 41.7 ml/min, 525 mg.h/L and 19.2 mg/L respectively. Similarly, a higher vancomycin clearance with lower median Cmin was observed in another study utilising high-volume CRRT mode (8). The observed variations in vancomycin PK parameters in the setting of CRRT can be explained by a few factors, such as; i) CRRT mode, ii) administration of replacement fluid, and iii) haemofilter materials and size. Therefore, an investigation into these operational characteristics of CRRT is crucial to determine the extent to which these factors can significantly impact individual drug PK parameters and help inform appropriate dosing strategies.

As a time-dependent antibiotic, the ratio of the calculated AUC over 24 hours above MIC (AUC0-24/MIC) of  ≥400 mg.h/L is considered the optimal PK/PD for vancomycin (1). Previously, Cmin between 15-20 mg/L was used as a surrogate for AUC0-24/MIC ≥400 mg.h/L (16, 17). However, through-based monitoring is no longer recommended due to the nephrotoxicity risk with this approach and limited data supporting its efficacy in patients with serious infections due to MRSA (1). Many studies have evaluated various calculation methods, such as two-point measurements and Bayesian method, to predict AUC0-24 in clinical practice (18-20). However, some practitioners maintained the trough-based approach, given the potential for erroneous dosing adjustments due to the varying methods of AUC calculation (21). This study demonstrated a significant correlation between vancomycin trough concentrations and the observed AUC. Similar findings were replicated in other studies (22), suggesting the adequacy of trough-based TDM for vancomycin in patients undergoing CRRT.

Will insert a new paragraph on MCS once the data is available.

	Several limitations should be acknowledged in this study. Firstly, it is important to note that this was an investigator-initiated research project that relied on self-funding, resulting in a small number of recruited patients and limited data availability. However, despite the limited sample size, a comprehensive assessment was conducted by sampling a total of 10 concentrations at different time points within one dosing interval from each enrolled patient at steady state, providing initial insights into vancomycin pharmacokinetic parameters in the studied population. Secondly, it should be noted that the standard CRRT settings utilized in this study were based on local availability, which may significantly differ from other regions. Consequently, generalizing the findings to other populations may be inappropriate, particularly considering the rapid advancement in CRRT technologies. Further research with robust patient enrolment is warranted to adequately describe the impact of the extracorporeal circuit on vancomycin pharmacokinetics. Nonetheless, the data obtained from this study is valuable, particularly in providing baseline population pharmacokinetics in critically ill Malaysian patients, who exhibit distinct physiological characteristics compared to Western populations..

Conclusion
In this study involving critically ill patients who were anuric and underwent CRRT, we found that:
1) CRRT could result in the substantial elimination of vancomycin. 
2) Trough-based therapeutic drug monitoring was a good surrogate for AUC/MIC ≥400.
3) A higher initial vancomycin dosing regimen, including the use of a loading dose, might be needed to facilitate the immediate achievement of vancomycin therapeutic targets. 
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