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Background: While positive blood cultures are the gold standard for late-onset sepsis (LOS) diagnosis in premature and very low birth weight (VLBW) newborns, these results can take days, and early markers of possible treatment efficacy are lacking. The objective of the present study was to investigate whether the response to vancomycin could be quantified using bacterial DNA loads (BDLs) determined by real-time quantitative polymerase chain reaction (RT-qPCR).
Methods: VLBW and premature neonates with suspected LOS were included in a prospective observational study. Serial blood samples were collected to measure BDL and vancomycin concentrations. BDLs were measured with RT-qPCR, whereas vancomycin concentrations were measured by LC-MS/MS. Population pharmacokinetic–pharmacodynamic modeling was performed with NONMEM.
Results: Twenty-eight patients with LOS treated with vancomycin were included. A one-compartment model with post-menstrual age (PMA) and weight as covariates was used to describe the time PK profile of vancomycin concentrations. In 16 of these patients, time profiles of BDL could be described with a pharmacodynamic turnover model. The relationship between vancomycin concentration and first-order BDL elimination was described with a linear-effect model. Slope S increased with increasing PMA. In 12 patients, no decrease in BDL over time was observed, which corresponded with clinical non-response.
Discussion: BDLs determined through RT-qPCR were adequately described with the developed population PKPD model, and treatment response to vancomycin using BDL in LOS can be assessed as early as 8 h after treatment initiation.
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1 INTRODUCTION
Late-onset sepsis (LOS) or nosocomial sepsis is a severe infectious neonatal condition characterized by bacteremia and a systemic inflammatory response that clinically manifests after the first 72 h of life and typically originates from indwelling central lines or catheters during hospital admission (Shane et al., 2017). Premature and/or very low birth weight (VLBW) neonates are at an increased risk for LOS due to an immature immune system and frequent exposure to invasive procedures in neonatal intensive care units (NICUs) (Stoll et al., 2004). Coagulase-negative staphylococci (CoNS) are the predominant pathogen in LOS (Dong and Speer, 2015). Approximately 21% of VLBW infants experience at least one episode of culture-proven LOS (Stoll et al., 2002). LOS has a high morbidity and mortality rate in premature and/or small for gestational age infants (Stoll et al., 2004). In cases of (suspected) LOS, the current standard of care is initiating treatment with broad-spectrum antibiotics (an aminoglycoside and a penicillin derivative) until the pathogen is identified by blood culture, which can take up to 48 h. Thereafter, narrow-spectrum antibiotic treatment targeting the isolated pathogen is initiated.
Intravenous (i.v.) vancomycin is given for 7 days in neonates with CoNS-positive LOS. Standardized loading doses of vancomycin are initiated, and subsequent doses may be corrected and individualized by means of therapeutic drug monitoring (TDM). However, the bactericidal efficacy of vancomycin is currently not assessed by readily accessible or reliable pharmacodynamic (PD) markers. Current vancomycin dosing regimens rely on indexed pharmacokinetic (PK) efficacy targets, based on the ratio of area under the curve (AUC0–24h) and minimal-inhibitory concentration (MIC) (Pacifici and Allegaert, 2012; Abdulla et al., 2021; Lee et al., 2021). As these PK/PD indices rely heavily on the MIC, these may be inadequate as MICs are highly variable between patients, bacterial strains, and over time (Rathi et al., 2016).
PD markers that accurately describe the early and gradual bactericidal action of vancomycin in the case of CoNS-positive LOS are needed. Bacterial DNA load (BDL), determined through real-time quantitative PCR (RT-qPCR), is a marker used for this purpose. The method has a short turnover time, is sensitive, biologically accurate, and most of all, requires a small volume of blood (Van den Brand et al., 2014; van den Brand et al., 2018). The objective of this study was to assess changes in BDL to characterize the early response to vancomycin treatment in CoNS-positive LOS. A population-PK/PD model was developed for quantifying the effect of vancomycin on BDL in CoNS-positive LOS. In addition, potential covariates that influence the measure of the bactericidal effect were explored. Using this model, we aimed to gain insight into the vancomycin bactericidal effect over time and evaluate PD and clinical responses within the first hours of vancomycin treatment. A quantified vancomycin effect on BDL could support the accuracy of TDM.
2 MATERIALS AND METHODS
2.1 Study design
This was a single-center, prospective, observational study during a consisting intervention in the Amsterdam University Medical Center (Division of Neonatology, Pediatrics Department, VU Medical Center, Amsterdam, The Netherlands). Serial blood samples were collected for determining antibiotic concentrations, BDLs, and inflammatory markers. The study was approved by the local ethics committee (METC Vrije Universiteit Medisch Centrum, Amsterdam, The Netherlands) prior to the inclusion of patients and recorded in the Dutch CCMO registry (file number: NL22434.029.08).
2.2 Study population
Inclusion of subjects took place between 1 February 2009 and 13 November 2014. Neonates with suspected LOS and/or meningitis who were either premature or VLBW were eligible for inclusion. For the identification of LOS, the definitions by van der Zwet et al. (2005) were adhered. Prematurity was defined as a gestational age (GA) <32 weeks, and VLBW was defined as a birth weight below 1,500 g. Patients with syndromal or chromosomal abnormalities and congenital metabolic disease were excluded from the study. Oral and written informed consent was a prerequisite for study participation. Following clinical practice at that time, the first-in-line treatment for LOS was intravenous amikacin (12 mg/kg/day) combined with intravenous benzylpenicillin (200,000 IU/kg/day). After the initial blood culture results were known, treatment was switched to a targeted antibiotic. For the research, only the studied patients with culture-proven CoNS infection and vancomycin treatment (20–48 mg/kg/day) in 1-hourly intravenous infusions were included in the analysis.
2.3 Sample collection
Whole blood samples were collected from newly inserted peripheral venous cannulas and (if available) from the central (umbilical) venous catheters. Blood samples (0.2 mL) for BDL measurement were collected at t = 0 h, t = 4 h, t = 24 h, and t = 48 h. The samples at t = 0 h were collected before the first vancomycin dose. Plasma samples (0.1 mL) were collected at t = 1 h, t = 2 h, t = 4 h, and t = 12 h for measuring vancomycin concentrations. After collection, the samples were stored at −20°C until analysis.
Additional clinical and anthropomorphic data such as dose information, GA, post-menstrual age (PMA), postnatal age (PNA), birth weight (BW), current weight (WT), length (LT), concomitant medication, C-reactive protein (CRP), and serum creatinine (SCr) were collected from the patients’ electronic medical files.
2.4 Real-time quantitative PCR
The design, validation, and evaluation of the used RT-qPCR method have been described in earlier publications (Van den Brand et al., 2014; van den Brand et al., 2018). In brief, 200 µL of EDTA anticoagulated whole blood samples was treated with TTE (1% Triton X-100, 20 mM Tris-HCl pH 8.3, 1 mM EDTA) twice for hemolysis and removal of hemoglobin. Next, the samples were incubated for 10 min in 200 µL of bacterial lysis buffer (Biocartis, Mechelen, Belgium) at 95°C while shaking at 800 rpm. Then, 20 µL of neutralization buffer (Biocartis, Mechelen, Belgium) was added to the solution, and DNA was purified using the NucliSENS EasyMag device (bioMérieux, Zaltbommel, The Netherlands). Samples were spiked with Phocine herpesvirus 1 as an internal control.
PCR was performed on a LightCycler 480II device (Roche Diagnostics, Almere, The Netherlands). 2 × LightCycler 490 Probes Master (12.5 µL), 2.5 µL primers and probes, and 10 µL purified DNA sample were used as reaction mixtures. The samples were screened for the eight most common pathogens of LOS in a multiplex assay (Van den Brand et al., 2014). Cycling conditions were 10 min at 95°C, followed by 45 cycles of 15 s at 95°C and 1 min at 60°C. If amplification was detected, the sample was then evaluated in a monoplex assay for quantitative analysis. BDLs were determined using a standard curve of serial dilutions of cloned PCR amplicons. The BDL was expressed in colony-forming units equivalent per ml (CFU eq/mL) by correcting for blood volumes and the number of PCR target copies per genome. The lower limit of quantification (LLOQ) for CoNS was 55 CFU eq/mL.
2.5 Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
Vancomycin concentrations were measured in plasma samples using LC-MS/MS. In brief, an Acquity TQD tandem quadrupole UPLC/MS/MS system (Waters, Milford, United States) was used, and the method had a within-run accuracy and an imprecision of at least 94.5% and at most 5.3%, respectively. Between-run accuracy and imprecision were at least 104.5% and at most 8.7%, respectively. The LLOQ of the used method was 0.22 mg/L (Chahbouni et al., 2015).
2.6 Bactericidal responses and clinical record evaluation
Changes in BDL over time following the initial vancomycin dose were plotted for all individuals in the study population. Thereafter, clinical records and treatment response patterns of patients were evaluated by a neonatologist of our research team for correspondence to BDL profiles.
2.7 Pharmacokinetic–pharmacodynamic data analysis
The BDL responses were modeled for all patients demonstrating a bactericidal response. Non-linear mixed-effects population PKPD (pop-PKPD) modeling was performed to describe and evaluate the relationship between vancomycin dose, concentration, and BDL and used to estimate pop-PKPD parameters. The model was developed using NONMEM version 7.4.0 software (Icon Development Solutions, Ellicott City, MD, United States). All data handling, data visualization, and descriptive statistics were performed using R statistics version 4.1.0 (R Core Team, 2021). Model validation and evaluation steps were performed with PsN version 5.3.0.
In a pop-PKPD analysis, data from all patients are analyzed simultaneously, allowing the analysis of patients for which only sparse samples are available. With sparse sampling, individual parameter estimates may be obtained by post hoc (Bayesian) analysis. Both “fixed effects” (typical parameters) and “random effects” (inter-individual variability (IIV) and residual variability) are estimated in pop-PKPD modeling. Thus, parameters such as clearance (CL) and the IIV in CL are embedded in the model. Part of the IIV may be explained by including covariates such as age in the model. Any remaining inaccuracies in predictions are included in the model as residual error. Parameter estimations were evaluated by assessing the objective function value (OFV), which is a maximum likelihood estimation-based approach. For parameter inclusion in nested models, a change in OFV of −3.84 corresponds with a p-value = 0.05 given 1° of freedom, which was deemed significant for parameter inclusion. After each modeling step, model accuracy was assessed by evaluating goodness-of-fit (GOF) plots, parameter relative standard error (RSE), and changes in OFV. Models were evaluated and internally validated using visual predictive check (VPC, N = 1,000) or prediction-corrected VPC (pc-VPC, N = 1,000), a simulation-based diagnostic to evaluate the predictive performance of the model. Model robustness and parameter certainty were assessed by a sampling importance resampling (SIR) procedure (Dosne et al., 2016; Dosne et al., 2017). Using the covariance matrix as the initial proposal distribution, five iterations with 1,000, 1,000, 1,000, 2,000, and 2,000 samples (M) and 200, 400, 500, 1,000, and 1,000 resamples (m) were performed during SIR.
The integrated PKPD model was developed using a sequential estimation approach. First, a vancomycin PK model found in literature was used for data description. Seven different published PK models were screened, selected on model evaluation and validation and similarities in the study population (Seay et al., 1994; Grimsley and Thomson, 1999; Capparelli et al., 2001; Kimura et al., 2004; Anderson et al., 2007; Marqués-Miñana et al., 2010; Oudin et al., 2011). The model with the highest precision, defined as the root mean squared error (rmse), was selected. It was a prerequisite for unbiased model performance, which was assessed using the distribution of the mean error (me). This was further supported by evaluation of GOF and VPC. Finally, the model that most accurately described the data was used as the foundation for the final model and used to reliably estimate the individual CL and volumes of distribution (Vd) of the study population using the POSTHOC setting in NONMEM.
An empirical turnover PD model was appended to the PK model (Figure 2). In this PD model, it was assumed that there is both bacterial growth and bacterial decay in the absence of vancomycin, and the rates were parameterized as kgrowth and kdeath, respectively. Effect E of vancomycin was modeled to augment the effect of kdeath in the model, as shown in differential Eq. 1.
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where, kgrowth is the first-order multiplication rate h−1, kdeath is the first-order decay rate of in h−1, N is the BDL in CFU eq/mL, and E is the stimulatory effect of vancomycin on kdeath. If simultaneous estimation of kgrowth, kdeath, and effect parameters was not possible due to insufficient data, kgrowth was defined as a zero-order constant (Eq. 2), changing the PD model to Eq. 3:
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kgrowth is the zero-order multiplication rate of BDL in CFU eq*ml−1*h−1, kdeath is the first-order decay rate in h−1, and BDL0 is the estimated BDL in CFU eq/mL at t = 0 h.
[image: image]
Effect E was parameterized as either a linear-effect model (Eq. 4) or a sigmoidal Emax model (Eq. 5):
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In Eq. 4, Effect E is the product of the vancomycin concentration C and slope S. For the sigmoidal Emax model (Eq. 5), Effect E is described by maximum effect Emax, vancomycin concentration C, the vancomycin concentration where 50% of the maximum effect is achieved (EC50), and a hill constant γ that describes the steepness of the effect.
Stepwise covariate analysis was performed, with a significance threshold of p = 0.05 for forward inclusion and p = 0.01 for backward elimination. GA, PMA, PNA, WT, BW, baseline, and CRP were evaluated as potential covariates. Continuous covariates were modeled as a linear or power function (Eqs 6, 7).
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where parameter P is expressed by typical parameter θp, which is affected by deviation of covariate COV from the median covariate value COVmedian with an effect of magnitude θcov.
3 RESULTS
3.1 Demographic characteristics
A total of 28 patients with CoNS-positive LOS and vancomycin treatment were included for analysis. The demographic characteristics of these patients are depicted in Table 1. A total of 94 vancomycin concentrations and 132 BDLs were available for analysis.
TABLE 1 | Demographic characteristics of the study population.
[image: Table 1]3.2 Bacterial DNA load response
Pooled BDL responses during vancomycin treatment are depicted in Figure 1. A bactericidal BDL response, defined as a decrease in BDL in 48 h, was observed in 16 patients, combined with clinical efficacy (Figure 1A). Six patients demonstrated persisting septic BDL profiles (Figure 1B). Five of these patients had complicated central line infections in which lines were not removed during BDL measurements, which explains the lack of clinical and BDL response since clinical response was observed upon line removal. The two erratic profiles (Figure 1C) could be explained by patients having an infected thrombus and an infected line obstructed by a pustule, respectively. Four patients had near-unquantifiable BDL profiles (Figure 1D). However, in three of these patients, amikacin-susceptible CoNS were isolated and, therefore, cured due to the empirical pretreatment with amikacin. The persisting septic, erratic, and unquantifiable profiles were pooled as ‘non-response’ (n = 12).
[image: Figure 1]FIGURE 1 | Bacterial DNA load (BDL)-time profiles during vancomycin treatment. X-axis: time in hours; Y-axis: BDL in log10 cfu eq/mL. Dots and lines of the same color within a plot indicate observations for individual patients. (A) Bactericidal responses; individuals demonstrating a negative trend in BDL over time. (B) Persisting septic responses; individuals demonstrating a constant or increasing trend in BDL over time. (C) Erratic responses; individuals demonstrating an erratic BDL over time following no specific pattern. (D) Unquantifiable response; individuals with very low BDL and BDL below quantification limit since vancomycin treatment.
3.3 Vancomycin pharmacokinetic–pharmacodynamic model
Seven published PK models for vancomycin in pediatric/neonatal populations were evaluated to fit the study data. The one-compartment model by Marqués-Miñana et al. (2010) (Table 2) was most accurate in describing the vancomycin levels of our study population. This was decided based on precision, as defined by the lowest rmse and bias, which was evaluated using the confidence interval of me (Sheiner and Beal, 1981) (Salimnia et al., 2016). An rmse of 2.959 mg/L was observed, which was the lowest of all tested models. The me was 0.147 mg/L (−0.453–0.747 mg/L), indicating unbiased model performance. This was supported by GOF plots and pc-VPC (Supplementary Figure S1). While the model included comedication with spironolactone and amoxicillin as covariates, no patients received any of these drugs during the study period. The PK model was used to estimate the individual CL and Vd of the study population.
TABLE 2 | Structural model, final model, and SIR results for the plasma and saliva model.
[image: Table 2]A population PK-PD model was developed using only the data of the patients demonstrating a bactericidal response to vancomycin (n = 16; Figure 1A). We attempted to develop a model including all patients, though no model could be fit due to data limitations. Pharmacodynamics was described with an empirical turnover model (Figure 2). Parameter estimates of the model are summarized in Table 2. The natural BDL decay was described in the structural model with the first-order rate constant kdeath of 0.0033 h−1. The stimulatory effect E of vancomycin on kdeath was expressed as a linear-effect model (Eq. 4), with a slope S of 0.862. The IIV of the slope was 64.1%. Due to limited data, the natural growth constant kgrowth could not be estimated as an independent parameter. Therefore, kgrowth was expressed as Eq. 2 and was a zero-order rate constant dependent on the initial BDL0 at t = 0 h and kdeath. BDL0 was estimated, and the last measured BDL before vancomycin treatment (BL) was included as a linear structural covariate. The IIV in BDL0 was 72% and was slightly correlated with the IIV of S, as indicated by an off-diagonal of 30.1% in the omega matrix. The proportional residual error was 16.3%.
[image: Figure 2]FIGURE 2 | Conceptual pharmacokinetic–pharmacodynamic model for vancomycin effect on bacterial DNA load. Left side of the dashed line: one-compartment PK model. Vancomycin is infused intravenously for 1 h and is renally cleared from the body. Right side of the dashed line: empirical turnover PD model. The number of CoNS (N) has a natural in vivo multiplication rate of kgrowth and natural cell death rate of kdeath. The vancomycin concentration in plasma has a bactericidal action by stimulation of kdeath, depicted by the dashed arrow connecting the left and right sections of the figure.
In the covariate analysis, PMA was significantly associated with slope S. Using a power model (Eq. 7), an exponent of 8.2 was estimated, thereby decreasing the IIV of the S from 64.1% to 58.8% (Table 2). The correlation between the IIV in S and BDL in the off-diagonal of the omega matrix was increased to 72.3% for the final model. Relative standard errors of all parameters were within the acceptable range. GOF plots of the final model indicated an adequate model fit to the data (Figure 3). The bactericidal effect of vancomycin on individual patients is depicted in Figure 4.
[image: Figure 3]FIGURE 3 | Goodness-of-fit plots and prediction-corrected VPC of the final model: (A) Goodness-of-fit plots for the PD model. Top left; individual log10 BDL predictions vs. log10 BDL observations. Top right; population log10 BDL predictions vs. log10 BDL observations. Bottom left; population BDL log10 predictions vs. CWRES. Bottom right; time after last dose vs. CWRES. CWRES: conditional weighted residuals. (B) Prediction-corrected VPC of the PD model (n = 1,000). X-axis: time after last dose; Y-axis, prediction-corrected log10 BDL. Black dots: observations. Blue lines: 10th and 90th percentiles of observations. Red line: median of observations. Blue shaded areas: 95% CIs of simulated 10th and 90th percentiles. Red shaded area: 95% CI of simulated median.
[image: Figure 4]FIGURE 4 | Fitted and observed BDL over time for individual responders. X-axis: time in hours. Y-axis: BDL in log10 cfu eq/mL. Dark blue arrows: vancomycin dosing times. Orange squares: observations. Solid orange line: individual predictions. Dashed orange line: population predictions.
Model performance was evaluated using a pc-VPC (N = 1,000) (Figure 3). The upper, median, and lower percentiles of the observations were within the 95% CIs of the corresponding simulated percentiles, indicating that the model could adequately predict the BDL levels of patients responding to treatment as a function of vancomycin PK. To assess model robustness and parameter uncertainty, SIR was performed. The SIR results of the final model are shown in Table 2; Supplementary Figure S2. The proposed parameter distribution was above the reference distribution. After the final iteration, the dOFV plots showed a chi-squared distribution with few degrees of freedom than the number of parameters in the model. No temporal trends were observed, and therefore the SIR results were accepted. There was full coverage of the final parameters.
4 DISCUSSION
In this study, bacterial DNA loads were used as a PD marker to evaluate the bactericidal effect of vancomycin in premature and/or VLBW neonates with CoNS-positive late-onset sepsis. In patients demonstrating a bactericidal response, the time profile of the BDL could be quantified with an empirical PK/PD model. Using this model, the time course and measure of the bactericidal effect of vancomycin could be described (Figure 4).
To our knowledge, the present study is the first to quantify the bactericidal effect of vancomycin in premature and VLBW neonates with CoNS-positive LOS by assessing time profiles of BDL using RT-qPCR. Bacterial PCR has been investigated in the past as a potential diagnostic tool and for antimicrobial susceptibility screening in the context of LOS, and varying results have been reported, with some studies suggesting that BDL measured through PCR methods could serve as a surrogate for blood culture in diagnosing some infectious diseases (Van den Brand et al., 2014; Chahbouni et al., 2015), while others demonstrated that PCR-based diagnostics were inferior to conventional blood culture (Tröger et al., 2016; Morrissey et al., 2017). All studies indicate that PCR-based diagnostics are feasible, however.
After assessing previously published population PK models for vancomycin, the model by Marqués-Miñana et al. (2010) was found to best describe the observed vancomycin levels of our study population (Seay et al., 1994; Grimsley and Thomson, 1999; Capparelli et al., 2001; Kimura et al., 2004; Anderson et al., 2007, and; Oudin et al., 2011). The selected model was developed using data from 70 neonates admitted to an NICU and treated with vancomycin, with a large proportion of patients comparable to our study population (Marqués-Miñana et al., 2010). The model was internally and externally validated by the original authors.
For patients responding to vancomycin treatment, time profiles of BDL were described using a turnover model (Figure 2). There was a positive relation between slope S and PMA when PMA was included as a power function with an estimated exponent of 8.23, indicating that older patients demonstrated a larger bactericidal effect than younger patients at equal vancomycin concentrations. However, it is questionable whether this perceived age dependency in the bactericidal activity of vancomycin is truly the underlying process for the increased BDL decline for patients of higher PMA. Innate and adaptive immunity is immature for premature neonates, and it is possible that increased bactericidal action at higher PMA is a product of higher immune activity, rather than an increased effect of vancomycin (Collins et al., 2018). However, the data did not support the estimation of IIV on kdeath, nor could PMA be estimated as a covariate on kdeath. Nonetheless, including PMA in the model as an exponential function on slope S significantly improved model fit and explained 5.3% of the IIV in slope S. Still, the remaining IIV in slope S in the final model was 58.8% and could be considered very high for classical PKPD models. This high variability is likely the result of oversimplification of the model. A true mechanistic antimicrobial PKPD model incorporates a complicated system of true bacterial growth, decay, and sigmoidal Emax effects, as well as resistance mechanisms, ideally with multiple levels of IIV. Oversimplification of these underlying mechanisms results in a model where all these types of variability have been combined in a single, large IIV for slope. As for high IIV in BDL0, this is strongly supported by the data since the included patients demonstrated enormous variability in BDL at the first vancomycin dose.
A number of mechanistic PKPD models for antimicrobials have been published; however, these models have been exclusively applied in in vitro and animal studies. No such models could be found using clinical PD data. An overview of published antimicrobial PKPD models has been provided in a database by Minichmayr et al. (2022). A single similar publication was found that modeled the effect of vancomycin on CoNS colonization in central line-associated LOS using an in vitro hollow fiber infection model and a rabbit model (Ramos-Martín et al., 2016). The authors found that based on a translational model using their preclinical data, currently accepted dosing guidelines of AUC/MIC ≥400 were potentially too low for neonates ≤29 weeks GA and argued that efforts should be made for developing more efficacious dosing regimens in central line-associated LOS, optimizing bactericidal efficacy, minimizing toxicity, and preventing drug resistance.
Since the analyzed population was small, bootstrapping methods were deemed unsuitable for evaluating parameter uncertainty and model stability (Dosne et al., 2017). Thus, SIR was used for this purpose. SIR converged after five iterations (Supplementary Figure S2), and reliable RSE and 95% confidence intervals were obtained (Table 2). Based on the SIR results, the model was deemed accurate.
Simulation-based model evaluation using pc-VPC (N = 1,000) indicated that the final model could adequately predict the observed BDLs in the study population. Therefore, the final constructed model was deemed suitable for this study and provided sufficient insight that the effect of vancomycin on BDLs as determined through RT-qPCR can be described in a population-PKPD model.
Six patients demonstrated an increasing or constant BDL, as demonstrated in Figure 1B. These “persisting septic” BDL responses were evaluated by a neonatologist in our research team using the recorded clinical response of the patient. Indeed, five of these patients had clinically persistent CoNS bacteremia during vancomycin therapy, where the primary source of LOS was CoNS colonization of the central venous line (CVL) in situ, and removal of the CVL resulted in clinical improvements and negative blood cultures. Although CVL infections are a frequent source of nosocomial sepsis, there seems to be little consensus on whether CVL removal is beneficial in CoNS bacteremia (Cairns et al., 1995; Benjamin et al., 2000; Benjamin et al., 2001). It has been found that in over 70% of CoNS CVL infections, line retention does not interfere with antimicrobial efficacy (Cairns et al., 1995). However, Benjamin et al. (2001) stated that CVL removal should be considered for patients with persistent sepsis, identified as four consecutive blood cultures positive for CoNS. Two of our patients presented erratic BDL profile measurements, showing no specific pattern in BDL change over time (Figure 1C). In one of these two patients, CoNS bacteremia was secondary to an infected thrombus. Presence of an infected thrombus has been implied as a risk factor for persistent or recurrent staphylococcal sepsis in multiple case reports (Hubbard et al., 2016; Mani and Chandrasekharan, 2022). Incremental degradation of the colonized thrombus due to shearing stress and releasing CoNS-infected debris into the bloodstream at irregular time intervals could explain the observed erratic BDL profile. The other patient suffered from an infected peripheral venous line, complicated by the presence of a pustule at the ankle. Likewise, irregular mechanical stress at the primary site of infection could release high loads of infected material into the bloodstream at random intervals. For some patients, most measured BDLs were below or near the quantification limit following vancomycin treatment (Figure 1D). In these cases, the isolated CoNS culture was susceptible to amikacin. During this study, empirical amikacin and benzylpenicillin treatment was a clinical routine until diagnostic blood culture results. Therefore, susceptible CoNS exposed to 48 h of amikacin is expected to demonstrate substantial bacterial killing, explaining the absence of CoNS BDL during subsequent vancomycin therapy.
There were some limitations to this study. First, since RT-qPCR quantifies the total bacterial DNA in the study sample, it could not distinguish between DNA from living or dead bacteria. While it is known that circulating free DNA has a half-life of 1–2 h and is cleared through macrophage-mediated phagocytosis and enzymatic degradation in the spleen and liver, to our best knowledge, the rate at which dead bacteria are cleared from the neonatal bloodstream is unknown (Kustanovich et al., 2019). To account for the time delay between vancomycin dosing and BDL decrease in the model, we attempted to estimate the lag time (Tlag). However, including a Tlag in the model did not increase model fit and overcomplicated the model. Using total BDL allowed for a comprehensive approximation of bactericidal activity. Another limitation of the study was the risk of sample contamination. CoNS are not only the most frequent pathogen in LOS in developed countries but also the predominant contaminating micro-organism in blood samples (Huebner and Goldmann, 1999). Therefore, efforts should be made to minimalize the contamination risk. For instance, assessment of bacterial density could be considered or multiple sample sources could be used (Kassis et al., 2009). This was not performed during this study, as this would result in an unacceptable burden due to increased blood sampling. Regardless of this, culture-based assessments should be combined with careful clinical examination of patients to minimize the risk of unnecessary treatment due to sample contamination. The final limitation of the study is that no BDL profiles in the absence of antibiotic treatment were available. Therefore, it was difficult to distinguish between natural bacterial growth and treatment and thus estimate kgrowth, kdeath, and slope S as separate parameters. Unfortunately, no values of kgrowth or kdeath of CoNS, either as initial estimates or fixed parameters, could be found in the literature. A single study was identified that investigated the mechanistic PKPD relations between vancomycin and CoNS based on in vitro and animal data, though no parameter estimates were published in the model (Ramos-Martín et al., 2016). In our final model, it was assumed that kgrowth was a zero-order constant dependent on BDL at T = 0 and kdeath. As cellular multiplication relies on cell doubling, it is most certainly a first-order process. Moreover, relating kgrowth to BDL at T = 0 results in a function in which the BDL cannot exceed this value at the cost of model accuracy. By estimating the BDL0 with IIV, the model could more accurately predict BDLs above the last BDL before the first vancomycin dose.
There were a number of strengths to this study and its implications. First, an empirical model was developed to describe the bactericidal action of vancomycin in CoNS-positive LOS. CoNS are the predominant infective pathogen in LOS, accounting for approximately 53.2%–77.9% of all culture-proven LOS cases in developed countries (Dong and Speer, 2015). Vancomycin is the first-in-line antibiotic in CoNS-positive LOS, and dosing guidelines in neonatology are currently based on an AUC24h/MIC index, in which a target of at least 400 is generally associated with efficacy (Pacifici and Allegaert, 2012). However, PK/PD indices heavily rely on the MIC, which is associated with considerable variability between bacterial strains, patients, and occasions (Rathi et al., 2016). Moreover, these indices treat bactericidal action as a binary “all-or-nothing” response. This implies that bacterial killing is only active at concentrations above the MIC and inactive at levels below the MIC, whereas in reality, bacterial killing changes dynamically with concentration. The method proposed here incorporates gradual bacterial killing as a function of vancomycin concentration and provides a more nuanced insight into bactericidal dynamics, independent of the MIC. This could be of particular benefit in the context of TDM, as improved concentration targets could be identified. Second, a relatively large number of drug concentrations and BDLs were available for each enrolled patient. Blood sampling in neonatology comes with considerable risk, and the number of samples collected per patient is hampered in the research context (Howie, 2011). Therefore, studies with a large amount of samples per patient are infrequent and valuable in this population. The relatively large amount of measurements per patient in our study allowed for more accurate depictions of the underlying PK and PD principles. A third strength of this study was that bacterial blood colonization was determined through multiplex RT-qPCR. The method used was validated and evaluated in the clinical setting and allowed for quantification of CFU eq/mL by adjusting measured DNA load for sample volume and CoNS genome load (Van den Brand et al., 2014; van den Brand et al., 2018). Thus, a surrogate marker for blood colonization that could be quantified within 8 h provided information on the bactericidal action of vancomycin in this study. Last, BDL profiles indicating treatment non-response (Figures 1BD) were compared with the corresponding clinical records by a neonatologist to assess whether these patients did not respond clinically. By doing so, the assumption to create the PKPD model based only on data of patients demonstrating a decrease in BDL was confirmed.
This study demonstrates that a decrease in BDL in CoNS-positive LOS can be quantified and predicted as a function of vancomycin concentration over time for patients who respond to vancomycin therapy. If developed further by combining preclinical data with clinical data, this would allow for more nuanced and precise dosing regimens, as compared to the currently used “all-or-nothing” dosing guidelines based on MIC targets. Moreover, it is expected that the applicability and accuracy of TDM could significantly improve if more evidence-based targets are identified.
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