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[bookmark: _Toc189748122]DATA COLLECTION
Demographic, analytical and clinical data were collected at inclusion and on the days of sampling. Variables recorded included age, anthropometric measures, source of infection, isolated microbiology, acute physiology and chronic health evaluation II (APACHE II) score, [1] sepsis-related organ failure assessment (SOFA) score on the day(s) of sampling, [2] use of vasopressors and respiratory support, laboratory variables including (plasma creatinine, bilirubin and albumin serum concentrations), urine output on the day(s) of sampling, renal replacement therapy (RRT) settings including modality, filter type, material, age and surface, transmembrane pressure, dialysis and replacement fluid flow rates, blood flow rate and effluent flow rate and Intensive Care Unit (ICU) and 30-days mortality.

[bookmark: _Toc189748123]SAMPLING
Pharmacokinetic (PK) sampling was performed over a dosing interval on one or two occasions. The first occasion occurred on days 1  - 2 after commencing vancomycin, and the second occasion on days 3  - 6 of therapy. Three mL of blood per sample were obtained from the pre- and post-filter RRT ports at the following times: pre-dose (T0), 30 minutes after the initiation of the antibiotic administration (T30), T60, T120, T180, T240, T360, T480 and T720 if dosing was every 12 h or T1440 if dosing was every 24 h. If RRT ports were not available, an arterial blood sample was collected instead to represent the pre-filter concentration. Effluent samples were taken at T180, T240, T360 and T480. Immediately after collection, all samples were stored in an ice bath. Within 6 hours of collection, blood samples were centrifuged at 3000 rpm for 10 minutes to yield plasma, which was then stored at -80oC at the individual sites until transport by international courier to the University of Queensland Centre for Clinical Research in Brisbane, Australia, where bioanalysis was performed.

[bookmark: _Toc189748124]

DRUG ASSAY 

Patients enrolled under the SMARRT study protocol
Total and unbound vancomycin concentrations in plasma and effluent fluid were measured using a previously validated ultra-high performance liquid chromatography with tandem mass spectrometry method on a Nexera2 UHPLC system coupled to an 8030+ triple quadrupole mass spectrometer (Shimadzu, Kyoto, Japan). Teicoplanin was used as the internal standard. The unbound fraction of vancomycin was isolated by centrifuging plasma (200 μL) at 37°C with Centrifree devices (Centrifree® Ultrafiltration Centrifugal Filters, Merck Millipore), which have a molecular weight cutoff of 30KDa. For routine analysis, separations were performed using validated HILIC chromatography; a reverse-phase chromatography was also validated to enable orthogonal analysis in cases of suspected chromatographic interference. Vancomycin was monitored in positive mode electrospray using multiple reaction monitoring (MRMs) transitions (m/z) 746.1  144.2 and 725.6  144.1. Teicoplanin was monitored in positive mode at m/z 940.8  316.1. The calibration range in plasma was 0.2 to 100 mg/L for total and unbound concentrations. The precision and accuracy were < 5 % and < 10 % respectively, for both matrixes. The assays met the established criteria for bioanalytical method validation established by the Food and Drug Administration. [3]

Drug assays used for the contemporary, but non-SMARRT funded studies 
Escobar et al. [4] measured total vancomycin concentrations in plasma using a validated liquid chromatography–tandem mass spectrometry (Acquity™ UPLC System; Waters Corp., Milford, MA) method. A BEH C18 column was used for chromatographic separation in isocratic run. The calibration range was 0.63 mg/L to 80.00 mg/L. The limits of detection and quantification were 0.22 mg/L and 0.63 mg/L, respectively. Intraday and interday imprecision were < 5% for all the concentrations evaluated. 
Kanji et al. [5]  measured total vancomycin concentrations in plasma using a validated liquid chromatography–tandem mass spectrometry (LC/MS/MS) method. Protein precipitation was performed using acetonitrile (plasma: acetonitrile, 1:3). Vancomycin and the internal standard (6,7-Dimethyl-2,3-di(2-pyridyl)-quinoxaline (DMDPQ)), were eluted by high performance liquid chromatography (Accela, Thermo Scientific, Rochester, NY, United States). Detection was performed by tandem mass spectrometry (TSQ Quantum Access MAX, Thermo Scientific). The calibration range in plasma was 0.2 – 100 mg/L. Intraday and interday precisions were < 15 % for all concentrations. 
Cheng et al. [6] used the same method as the one used for patients enrolled under the SMARRT protocol.
[bookmark: _Toc189748125]Economou et al. [7] measured total vancomycin concentrations using a monoclonal fluorescence polarization immunoassay (Abbott Laboratories, Abbott Park, IL, USA) as part of their routine therapeutic drug monitoring (TDM) practice. 

METHODOLOGY FOR PK MODEL DEVELOPMENT AND VALIDATION

Model development
Population PK analysis and validation were performed using the non-linear mixed-effects modelling software Monolix 2024R1 (Lixoft SAS, a Simulation Plus company), implementing the stochastic approximation expectation maximization (SAEM) algorithm. [8] 
An integrated population PK model was developed to include vancomycin pre- and post-filter plasma concentrations (Cpre, Cpost) and effluent concentrations (Ceffl), as described by Broeker et al. [9] Initially, one- and multi-compartment models with linear elimination were evaluated to describe Cpre. Both linear and non-linear models were evaluated to simultaneously describe total and unbound vancomycin plasma concentrations. Once the base model was established, total clearance (CL) was modelled as a combination of non-RRT-mediated CL (body CL, CLbody) and RRT-mediated CL (CLRRT). These components were better estimated by introducing the defining equations for Cpost and Ceffl as follows: [9] 

	
	             

, where Qblood adj represents the blood flow rate in L/h adjusted by the haematocrit proportion (, and RRTIntensity represents the median RRT intensity in L/h, defined as the sum of the reposition fluid (pre- and/or post-filter) and/or the dialysate flow rates, depending on the modality used. 
The individual estimates for PK parameters were assumed to follow a log-normal distribution, except for vancomycin pre- and post-filter unbound fractions, which were assumed to follow a logit-normal distribution. Inter-individual variability (IIV) was described using an exponential model with the equation , where  is the estimated value of a parameter in the ith patient, p is the typical value of this parameter in the population, and ηj is the individual deviation from the typical value, assumed to follow a normal distribution with a mean of zero and a variance of ω2. Constant, proportional, and combined error models were explored to describe residual variability. Model selection was based on the precision of the parameter estimates, visual inspection of goodness-of-fit (GOF) plots and numerical assessment of -2xlog-likelihood (-2 LL) and the corrected Bayesian information criteria (BICc).
During covariate analysis, continuous and categorical covariates were individually added to the base model in a forward inclusion step and retained if they produced a decrease in -2LL over 3.84 (p < 0.05). Covariates were kept in the final model if their removal during backward elimination resulted in an increase in -2LL over 10.83 (p < 0.001) and the effect was biologically plausible. 
The covariates tested in the model included sex, age, total body weight, SOFA and APACHE II severity scores, 24 h urine output, serum albumin and plasma bilirubin concentrations, and RRT settings including RRT intensity (dialysate flow rate + replacement fluid flow rate), modality, blood flow, membrane surface area in m2, membrane type (brand and material), and transmembrane pressure.

Model evaluation and internal and external validation 
Model evaluation was based on GOF plots and a prediction-corrected visual predictive check (pc-VPC). GOF plots included observations versus individual (IPRED) and populations predictions (PRED), weighted individual residuals (IWRES) versus IPRED and time, and plots of normalised prediction distribution error (NPDE) versus PRED and time. [10] A pc-VPC for each analyte was performed using 500 simulations with the final model. [11] Non-parametric bootstrapping (n = 1000) in Monolix 2024R1 was used to assess the robustness of the final model and to derive confidence intervals for the parameter estimates. 
The external predictive performance of the PK model was assessed by analysing new data from two independent datasets, one with rich PK data and the other with retrospective TDM data. Population predicted Cpre values for all sampling times (PRED) were obtained using the population PK model and were evaluated by comparison with the observed (OBS) concentrations. Further, individual predicted Cpre for all sampling times (IPRED) were obtained from Bayesian estimation using the population PK model and were also evaluated by comparison with OBS. A priori bias was assessed by the median prediction error (MPE %), calculated as ; a priori precision was assessed by the median absolute prediction error (MAPE %), calculated as , as proposed by Beal and Sheiner. [12] A posteriori bias was assessed by the individual median prediction error (IMPE %) calculated as ; a posteriori precision was assessed by the individual median absolute prediction error (IMAPE %), calculated as . [12] Median values were used rather than mean values to reduce the influence of outliers in the relatively small validation dataset. We also calculated F20 and F30, which indicate the percentages of MPE that fall within the ± 20 % and ± 30 % ranges, respectively, representing a combined index of both accuracy and precision. The predictive performance of the model was considered excellent if MPE and MAPE ≤ ± 20 %, and acceptable if MPE ≤ ± 20 %, MAPE ≤ 30 %, F20 ≥ 35 %, and F30 ≥ 50 %. (20-22). A Modified Band-Altman plot was used to assess the agreement between PRED and OBS concentrations, assuming that the underlying true value may change from pair to pair for each patient. [13] The MedCalc® Statistical Software version 23.2.1 (MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2025) was used to draw the plots. 

Monte Carlo simulations and probability of target attainment for efficacy and toxicity
Monte Carlo simulations were performed with the final covariate model using the Simulx 2024R1 (Lixoft SAS) simulation software to generate 1000 PK profiles of total vancomycin pre-filter plasma concentrations for the first 100 hours of therapy (Days 1 to 4) for different dosing regimens. 
For simulations of patients receiving continuous renal replacement therapy (CRRT), it was assumed that CRRT was initiated prior to the start of vancomycin therapy. Therefore, Days 1 and 2 were considered the initial treatment phase, while day 4 was assumed to represent steady state, accounting for the lowest CRRT intensity. For once- and twice-daily short infusion dosing, the loading dose was simulated to be administered at time zero and maintenance dosing was simulated to begin 12 h after the loading dose. For continuous infusion, the loading dose was simulated at time zero and the continuous infusion was simulated to start immediately thereafter. 
For the simulations of patients receiving sustained low-efficiency dialysis (SLED), it was likewise assumed that SLED was initiated prior to the start of vancomycin therapy. Therefore, Days 1 and 2 represented the initial phase of treatment, while day 4 was considered representative of steady state. For once- and twice-daily dosing, the loading dose was simulated to be administered at the beginning of a SLED session; intermittent maintenance dosing was simulated to begin 12 h after the loading dose (SLED-off period), reflecting clinical practice in the included studies [7] and in accordance with current dosing guidelines. Continuous infusion was simulated to start immediately after the loading dose. 
The pharmacokinetic/pharmacodynamic (PK/PD) target associated with treatment success was defined considering: 1) efficacy against Gram-positive organisms, i.e. a ratio of the area under the concentration–time curve over 24 h (AUC0-24h) to the minimum inhibitory concentration (MIC) of the bacteria (AUC0-24h/MIC) ≥ 400 mg.h/L for Staphylococcus aureus and Enterococcus faecium infections; [14] and 2) a toxicity threshold, that has been defined as AUC0-24h ≥ 700 mg.h/L in  current clinical guidelines. [14]  Therefore, for each dosing regimen, we calculated the probability of target attainment (PTA) assuming a conservative MIC of 1 mg/L given the described difficulties in S. aureus MIC determination in the clinical practice using different microbiological methods [14] and the potential impact of subtherapeutic exposure on the emergence or selection of heteroresistant subpopulations of S. aureus. [15] The minimum desired PTA was defined as ≥ 90% for all the analyses. We considered that, despite the epidemiologic cut-off (ECOFF) value and the clinical breakpoints to vancomycin are 2 mg/L for S. aureus and 4 mg/L for E. faecium, [16, 17] vancomycin may not be an appropriate option for isolates with MIC > 1 mg/L in patients with severe AKI requiring RRT because the AUC0-24h required for attaining the target of AUC0-24h/MIC ≥ 400 would fall in the range of toxicity. 

From these PTA, a dosing nomogram was developed stratifying the recommendations by body weight and RRT intensity and duration. The recommended dosing regimens were the ones with the highest likelihood of achieving effective and non-toxic exposures.
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Equations to predict unbound concentrations from total
Total and unbound vancomycin Cpre and Cpost were best described using a linear protein binding function with a constant unbound fraction (ƒu) summarised as follows:




, where Cp(pre) is total concentration prefilter, ƒCpre is the unbound concentration prefilter, ƒu,pre is the unbound proportion prefilter, Cpost is total concentration postfilter, ƒCpost is the unbound concentration prefilter, ƒu,post is the unbound proportion postfilter.

Equations for the final covariate model




, where intensity is calculated as the sum of dialysate + replacement fluid flow rates in L/h normalised by the median in our population (6 L/h), and body weight is the admission body weight in kg normalised by the median in our population (86.3 kg).  


TABLE A: Patient origin by country and site. 

	Country
	Sites (n)
	Patients included (n) 

	MODEL DEVELOPMENT (n = 65)

	Australia
	4
	20

	Canada
	1
	30

	Chile
	1
	8

	France
	2
	5

	United Kingdom
	1
	1

	United States of America
	1
	1

	
MODEL VALIDATION (n = 46)

	Dataset 1 (Rich sampling)
	
	

	Australia
	3
	11

	Germany
	1
	8

	
	
	

	Dataset 2 (TDM)
	
	

	France
	1
	27



TDM: therapeutic drug monitoring


[bookmark: _Toc189748130]TABLE B: Microbiology results from clinical samples. Only the microorganisms potentially treatable with vancomycin are reported. 

	Microorganism
	Number of isolates

	RESPIRATORY CULTURES
	

	Staphylococcus aureus
	2

	
	

	INTRA-ABDOMINAL CULTURES
	

	Enterococcus faecium
	2

	Streptococcus mitis
	1

	
	

	URINARY CULTURES (urine catheter)
	

	Enterococcus faecium
	1

	
	

	CATHETER-RELATED CULTURES
	

	Coagulase-negative Staphylococcus sp
	1

	Staphylococcus aureus
	1

	
	

	BLOOD CULTURES
	

	Coagulase-negative Staphylococcus sp
	1

	Staphylococcus aureus
	3

	Streptococcus pyogenes
	1

	Streptococcus sp
	1

	Enterococcus faecium 
	1






FIGURE A: Goodness-of-fit plots for the final population pharmacokinetic model for vancomycin. Left panel: observed total concentrations versus population predicted concentrations. Right panel: observed total concentrations versus individual predicted concentrations. Blue dots represent the observations. Black solid lines represent line of identity. Red dashed lines represent the spline.
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FIGURE B: Scatterplot of the residuals for the final population pharmacokinetic model. Upper left panel: normalised prediction distribution errors (NPDE) versus time. Upper right panel: individual weighted residuals (IWRES) versus time. Lower left panel: NPDE versus population predicted concentrations. Lower right panel: IWRES versus individual predicted total concentrations. Blue dots represent the observations. Red dashed lines represent the spline. 
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FIGURE C:  Prediction-corrected visual predictive check for total vancomycin pre-filter plasma concentrations. The solid black line represents the 50th empirical percentile of the observed data, and the dashed black lines represent the 5th and 95th empirical percentiles of observed data. The pink shaded area represents the prediction interval of the 50th percentile, and the blue shaded areas represent the 95% prediction intervals of the 5th and 95th percentiles. Empty blue dots represent the observed data.
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[bookmark: OLE_LINK1]FIGURE D:  Goodness-of-fit plots and analysis of the residuals for the external validation of the final population pharmacokinetic model using dataset 1 (rich sampling). Panels on the left correspond to the a priori prediction, while those on the right show the a posteriori (Bayesian) prediction. Upper panels: (left) observed total concentrations versus population predicted concentrations and (right) observed total concentrations versus individual predicted concentrations. Medium panels: (left) normalised prediction distribution errors (NPDE) versus population predictions and (right) individual weighted residuals (IWRES) versus individual predictions. Lower panels: left) NPDE versus time and (right) IWRES versus time. Blue dots represent the observations. Black solid lines represent line of unity. Red dashed lines represent the spline. 
[image: ]


FIGURE E:  Goodness-of-fit plots analysis of the residuals for the external validation of the final population pharmacokinetic model using dataset 2 (sparse TDM sampling). Panels on the left correspond to the a priori prediction, while those on the right show the a posteriori (Bayesian) prediction. Upper panels: (left) observed total concentrations versus population predicted concentrations and (right) observed total concentrations versus individual predicted concentrations. Medium panels: (left) normalised prediction distribution errors (NPDE) versus population predictions and (right) individual weighted residuals (IWRES) versus individual predictions. Lower panels: left) NPDE versus time and (right) IWRES versus time. Blue dots represent the observations. Black solid lines represent line of unity. Red dashed lines represent the spline. 
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