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Abstract

:

Effective antibiotic therapy of cerebral infections such as meningitis or ventriculitis is hindered by low penetration into the cerebrospinal fluid (CSF). Because continuous infusion of meropenem and vancomycin and routine therapeutic drug monitoring (TDM) have been proposed to optimize antimicrobial exposure in ventriculitis patients, an individualized dosing strategy was implemented in our department. We present a retrospective analysis of meropenem and vancomycin concentrations in serum and CSF in the first nine ventriculitis patients treated with continuous infusion and TDM-guided dose optimization aiming at 20–30 mg/L. Median initial dosing was 8.8 g/24 h meropenem and 4.25 g/24 h vancomycin, respectively, resulting in median serum concentrations of 21.3 mg/L for meropenem and 24.5 mg/L for vancomycin and CSF concentrations of 3.4 mg/L for meropenem and 1.7 mg/L for vancomycin. Median CSF penetration was 15% for meropenem and 7% for vancomycin. With initial dosing, all but one patient achieved CSF concentrations above 1 mg/L. Dose adjustment according to TDM ensured sufficient CSF concentrations in all patients within 48 h of treatment. Given the limited penetration, continuous infusion of meropenem and vancomycin based on renal function and TDM-guided dose optimization appears a reasonable approach to attain sufficient CSF concentrations in ventriculitis patients.
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1. Introduction


Acute subarachnoid hemorrhage, intraventricular bleeding, tumors of the brain stem, and other acute intracranial pathologies may require insertion of external ventricular drains to manage hydrocephalus and monitor intracranial pressure. However, introduction of a plastic catheter into the cerebrospinal fluid (CSF) space holds the potential for intracerebral infections such as ventriculitis and/or meningitis. Ventriculitis is the most frequent complication in these patients with significant morbidity, prolonged ICU and hospital length of stay, and higher costs [1].



The spectrum of pathogens in ventriculitis is characterized mainly by common skin microorganisms, which are mostly Gram-positive [2]. The Infectious Diseases Society of America therefore recommends vancomycin in combination with meropenem (or ceftazidime) for the initial treatment of infections after neurosurgery or infections related to external ventricular drains [3]. However, achieving and maintaining appropriate concentrations at the target site of infection is a significant challenge for critical care physicians. In ventriculitis, CSF-penetration of vancomycin as well as of meropenem is hindered by the blood-CSF-barrier [4]. Furthermore, pathophysiological changes in volume of distribution and augmented renal clearance alter pharmacokinetics in critically ill patients compared to what is observed in other patient groups [5,6,7].



Recent data show a highly variable penetration of vancomycin and meropenem into the CSF in ventriculitis patients [8,9,10,11]. Data from Blassmann et al. [9,10] suggest that traditional meropenem dosing (3 × 2 g administered as intermittent infusion) as well as traditional vancomycin dosing (2 × 1 g administered as intermittent infusion) do not achieve CSF concentrations above the minimum inhibitory concentration (MIC) in the majority of patients. High daily doses of up to 20 g meropenem or rather up to 8 g vancomycin and/or continuous infusion are proposed to ensure sufficient concentration. Moreover, continuous infusion of beta-lactam antibiotics is suggested to maximize bacteriological and clinical response by maintaining concentrations throughout the dosing interval [12] and continuous infusion of vancomycin decreases nephrotoxicity [13]. Since sparse data on penetration into the CSF of vancomycin and meropenem are available during continuous infusion, therapeutic drug monitoring (TDM) might be a reasonable approach to control target antimicrobial exposure and to avoid subtherapeutic concentrations [8,14,15]. Therefore, continuous infusion and a routine TDM of meropenem and vancomycin was implemented in ventriculitis patients at our department to overcome the difficulties in attaining antimicrobial target concentrations in the CSF.



The present study retrospectively analyses the first nine patients suffering from ventriculitis, who received continuous infusion of meropenem and vancomycin based on renal function and TDM-guided dose optimization at our department. The objective was to evaluate meropenem and vancomycin concentrations in serum and CSF.




2. Results


Overall, 11 patients, all suffering from subarachnoid hemorrhage, have been identified as having received continuous dosing and routine TDM. Two of these had to be excluded, because microbiological analysis retrieved other sources of infection (i.e., central venous catheter infection) with consecutive changes in antibiotic treatment. Median duration of antibiotic therapy was 13 days (8; 18). All patients underwent operative revision of the external ventricular drain within the first few hours after diagnosis and at the start of antibiotic therapy, which included removal of the drain and replacement with a new external ventricular drain. An overview of patient characteristics is given in Table 1. Infection parameters C-reactive protein (CRP) and CSF leukocyte count decreased within 7 days after initiation of antibiotic therapy in all patients (Supplementary Materials: Figure S1).



2.1. High Doses Required Due to Low Serum Creatinine Values in Neurosurgical Patients


Initial dosing yielded a median dose of 8.8 g/24 h (6.5; 13.0) meropenem and 4.25 g/24 h (3.5; 7.0) vancomycin for the first 24 h (Figure 1A). This equals 114.3 mg/kg bodyweight/24 h, and 57.2 mg/kg bodyweight/24 h, respectively (Figure 1B). The dose remained unchanged on day 2, with the exception of the initial 1 g bolus, until results from the 24 h time-point were retrieved. It is noteworthy that no renal impairment could be detected despite high-dose vancomycin therapy. Dose adjustment after 48 h was realized in three of nine patients for meropenem and in four of nine patients for vancomycin according to serum target concentration. The dose was reduced in one of nine patients for vancomycin, and the dose was increased in three of nine patients for both vancomycin and meropenem. Further adjustments after the second concentration analysis or later were necessary in four of nine patients, in three of which the dose was decreased, while one patient required higher doses after the second analysis.




2.2. Meropenem and Vancomycin Concentrations in CSF within Target Range after Dose Adjustment


Median CCSF/Cserum ratio was 0.15 (0.06; 0.33) for meropenem and 0.07 (0.02; 0.50) for vancomycin. Table 2 shows meropenem and vancomycin concentrations in serum and CSF of each patient 24 h after infusion start (Table 2). As compared with meropenem concentrations (3.4 [0.8; 9.8] mg/L), observed vancomycin concentrations after the first 24 h of treatment were more variable in CSF (1.7 [0.5; 12.5] mg/L). For meropenem, patients 6 and 7 showed low CCSF/Cserum ratios as well as Cserum < 20 mg/L, resulting in insufficient CSF concentrations. For vancomycin, only patient 6 showed an insufficient CSF concentration. After dose adjustment, however, target CSF concentration was achieved in all patients. Figure 2 and Figure 3 depict the course in serum and CSF concentrations during the first 7 days of treatment.




2.3. Initial Dosing Recommendation Based on Nomograms


Values estimated in the first simulation using the model developed for intermittent application did not correlate with the observed values in the present study. We therefore added a bolus of 1 g of meropenem or vancomycin (i.e., X1 was set to 1 g at time-point zero), set the infusion rate [R(t)] of the drug in relation to the volume of the central compartment, and fitted the model to the study data. These changes lead to the following equation:


    dX 1   dt   =   R  ( t )     V c    −   CL    V c    × X 1 −  k  cp   × X 1 −  k  cb   × X 1 +  k  pc   × X 2 +  k  bc   × X 3  








where X1 describes the quantity of the drug in the central compartment, X2 stands for the quantity of the drug in the peripheral compartment, and X3 relates on the quantity in the CSF. CL is the clearance of the drug from the central compartment, Vc is the volume of the central compartment, and kbc, kcb, kpc, and kcp are distribution constants, which represent the transition between the three compartments. A schematic representation of the structural model is shown in Supplementary Figure S2. For meropenem, fitted values for each constant were 0.0248 (0.0055; 0.0556; kcb), 0.1642 (0.0421; 0.2977; kbc), 14.6389 (8.4759; 28.5090; CL), and 13.7958 (5.2776; 14.7230; Vc). For vancomycin, using the present pharmacokinetic model parameter adjustment failed to mimic vancomycin distribution between compartments.



Measured creatinine clearance is a good predictor of meropenem clearance calculated by the pharmacokinetic model with a rank correlation coefficient according to Spearman of ρ = 1 (Figure 4). The adjusted model allowed for estimation of the daily doses of continuous infusion meropenem required to yield concentrations of 2, 3, or 4 mg/L in CSF given different creatinine clearance values. These data were plotted, and regression analysis retrieved nomograms, as depicted in Figure 5.





3. Materials and Methods


3.1. Study Design


This retrospective analysis was conducted according to the guidelines of the Declaration of Helsinki and approved by the ethics committee of Goethe University, Frankfurt am Main, Germany (# 4/17).



Patients included were diagnosed with ventriculitis secondary to subarachnoid hemorrhage, received continuous infusion of meropenem and vancomycin, and received TDM measurements between January 2016 and March 2017.



Initial dosing of meropenem and vancomycin was calculated by an algorithm published by Pea et al. [16] and adapted by Minichmayr et al. [7]. For vancomycin, serum concentrations of 20 to 30 mg/L were targeted to achieve the pharmacodynamic target of the area under the concentration curve divided by the MIC to be above 400 for susceptible Staphylococcus aureus isolates [17]. For meropenem, serum concentrations of 20 to 30 mg/L were targeted corresponding 10 to 15 times the non-species related breakpoints of the European Committee on Antimicrobial Susceptibility Testing’s MIC90 data (http://www.eucast.org/clinical_breakpoints, accessed on 16 December 2015). All patients received an initial bolus of 1 g meropenem and 1 g vancomycin as 60 min infusion prior to continuous infusion.



Blood and intraventricular CSF samples were taken 24 h and 72 h after the start of continuous infusion. Further sampling was performed as needed (Figure 6). For transport, samples were frozen immediately after preparation. Results were retrieved within 24 h. If necessary, antibiotic dosages were adjusted according to TDM results.



Infection and renal function parameters, fluid intake, and urinary excretion were extracted from the patients’ medical record. Creatinine serum concentrations were measured daily, and creatinine clearance was calculated using the Cockcroft–Gault equation [18].




3.2. Bioanalytical Methodology


The analyses were performed in the laboratory of the Pharmacy Department of the Hospital of Heidenheim. Serum and CSF concentrations of meropenem were analyzed using a validated high-performance liquid chromatography (HPLC) assay with ultraviolet detection [19]. The assay was linear from 1–30 mg/L in serum and 0.5–5 mg/L in CSF with a relative standard deviation for intra- and interday precision and accuracy of <5% at high, medium, and low concentrations. The limit of quantification was 0.5 mg/L for serum samples and 0.2 mg/L for CSF samples. Serum and CSF concentrations of vancomycin were analyzed using an in vitro chemiluminescent micro particle immunoassay (ARCHITECT iVancomycin assay, Abbott; measuring range: 0.24 mg/L–100.00 mg/L). For CSF concentrations of vancomycin, spiked CSF samples were carried out on a regular basis in addition to the routine validation process. Only total concentrations (bound plus unbound) of vancomycin and meropenem were measured.




3.3. Statistics


Statistical analysis was conducted using R version 3.2.4 (2016, The R Foundation for Statistical Computing). Besides standard methods for descriptive statistics (i.e., calculation of medians, quartiles, and boxplots) we used a robust local regression method, where outliers are iteratively identified and down-weighted (package locfit, locfit.robust).



Total and cumulative doses, serum, and CSF concentrations as well as distribution constants are given as median (min, max).



The first step of the statistical analysis was to compare measured concentrations of meropenem and vancomycin with simulated values using the pharmacokinetic model and calculation developed by Blassmann et al. [9]. This was followed by adjustment of the parameters with the R packages FME, deSolve, rootSolve, and coda (2016, The R Foundation for Statistical Computing). A new simulation with the fitted parameters for meropenem was carried out, by using the package deSolve. The relationship between the clearance of meropenem and the clearance of creatinine is shown in a scatterplot. In addition, we calculated the rank correlation coefficient according to Spearman.



Having adjusted the distribution constants for each individual patient, meropenem doses for three different CSF target concentrations were estimated. These estimates were plotted to create a nomogram for initial dosing of meropenem until TDM results are retrieved.





4. Discussion


In this study, we retrospectively evaluated vancomycin and meropenem concentrations in serum and CSF of ventriculitis patients receiving continuous infusion and routine TDM. We found that all but one patient achieved CSF concentrations of meropenem and vancomycin above 1 mg/L with initial dosing based on renal function. Dose optimization according to TDM ensured sufficient CSF concentrations in all patients within 48 h. However, there was considerable variation in serum and CSF concentrations as well as resultant CSF/serum ratios. These findings are concordant with those derived from previous studies in which researchers have also described large interindividual variability [10]. Therefore, our study suggests routine TDM of meropenem and vancomycin in CSF further on to avoid underexposure potentially resulting in treatment failures.



Penetration of the blood–CSF barrier for most antibiotic drugs occurs, if at all, slowly, resulting in much lower concentrations in the CSF as compared with serum concentrations. Drug as well as disease factors, such as the presence of meningeal inflammation and the integrity of the blood–CSF barrier, are important to consider when devising dosing strategies in patients with intracerebral infection [1]. During meningeal inflammation disruption of cell–cell contacts increase blood–CSF barrier permeability and decrease CSF outflow resulting in decreased antibiotic elimination from the CSF [20]. In ventriculitis, the meninges are typically normal or only minimally inflamed [20]. Serum-to-CSF ratios range between 1 and 18% [1,10,11] for vancomycin and between 5 and 9% for meropenem in ventriculitis patients [1,10,11], compared with reported serum-to-CSF ratios of between 6 and 81% for vancomycin and 21 and 39% for meropenem in patients with bacterial meningitis [1,11]. Hence, the poor penetration into the CSF described in previous studies led us to aim at vancomycin and meropenem serum concentrations of 20–30 mg/L. Regarding concentration–toxicity relationships of meropenem, Imani et al. recently reported that meropenem threshold concentrations of Cmin  =  64.2 mg/L and Cmin  =  44.5 mg/L in serum were associated with a 50% increased risk of a neurotoxic or nephrotoxic event during intermittent dosing, respectively [20]. The upper threshold of 30 mg/L investigated in the present work represents a concentration for which higher values will not result in increased efficacy, but for which toxicity is more likely and thus seems a reasonable limit.



Higher than standard doses of meropenem and vancomycin were needed to reach target serum concentrations of 20–30 mg/L. Recommended daily doses for meropenem are 6 g in adults [21], while within the first 24 h, a median dose of 8.8 g (114.3 [76.5; 142.9] mg/kg bodyweight) was used in our adult population to attain target serum and CSF concentrations. Recommended daily doses for vancomycin in adults are 2 g (or 30–60 mg/kg bodyweight) [21], as compared to a median dose of 4.25 g (57.2 [41.2; 68.6] mg/kg bodyweight) within the first 24 h in this study. However, renal function in our study was greater than normal creatinine clearance (>100 mL/min). This is common in neurocritical care patients [5] and may lead to higher doses to achieve a target concentration in serum similar to that observed in other critically ill patients. Augmented renal clearance has previously been shown as an independent predictor of not achieving sufficient concentrations with standard doses [22]. Nomograms based on ventriculitis patient data might help estimate antibiotic doses required to achieve CSF concentrations at the beginning of therapy, although nomograms should not preclude the use of TDM. A nomogram of vancomycin could, however, not be generated in the present study. Higher inter-individual variation compared with meropenem, together with significant intra-individual variation during the course of the infection (not shown), hindered successful modelling of vancomycin pharmacokinetics. Moreover, parameters kcp and kpc were not adjusted, because there were no measured values for the peripheral compartment. Median penetration into the CSF in this study was higher than that reported in ventriculitis patients with intermittent infusion (meropenem: 15% vs. 9%; vancomycin: 7% vs. 3%) [9], and is comparable to the penetration of meropenem and vancomycin administered as continuous infusion reported by Mader et al. (meropenem: 15 vs. 18%, vancomycin: 7 vs. 20%) [8]. For vancomycin, a higher variability compared to meropenem was observed in the present study, also reported by Mader et al. [8] However, all studies were relatively small, which may have hampered robust estimates of the extent of pharmacokinetic variability. Furthermore, pharmacokinetic data were not adjusted for protein binding, because we measured the total concentration in serum and CSF. Protein binding is not relevant for meropenem, and CSF concentrations might be free concentrations due to negligible protein levels in CSF compared to serum. Altered protein binding of vancomycin in serum might influence the free concentration penetrating into CSF. Further studies are needed, including a higher number of patients as well as systematic CSF and serum concentration sampling.



The present study was not designed for efficacy evaluation. More work is required to better understand pharmacodynamic targets at the site of infections for patients with ventriculitis. It is unclear which pharmacokinetic–pharmacodynamic target should be used to optimize the outcome for intracerebral infections [1]. Thus, we cannot draw conclusions about the role of TDM as a potential to improve efficacy. However, considering that MIC breakpoint for susceptibility were exceeded and treatment was successful in all patients, it is reasonable to assume that the application of TDM may help in early identification of patients underexposed to antimicrobial therapy, having minimum drug concentrations below the MIC. In these patients, optimization of drug dose guided by TDM would eventually contribute to improve the response to antimicrobial therapy.




5. Conclusions


These data show that continuous infusion of vancomycin and meropenem based on renal function and TDM-guided dose optimization ensured sufficient CSF concentrations within 48 h of treatment. The results suggest that this approach appears feasible and effective in cases of ventriculitis, given the limited penetration of meropenem and vancomycin into CSF. However, data are sparse and higher than standard doses are necessary. This approach should be evaluated with a larger number of patients in a prospective study in the future.
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The following are available online at https://www.mdpi.com/article/10.3390/antibiotics10111421/s1, Figure S1: Parameters of inflammation and possible confounding variables of drug concentrations. A-C C-reactive protein, together with leukocyte count in both, serum and CSF, decreased during antibiotic therapy. D-F All patients presented with normal renal retention parameters throughout the treatment period. Noteworthy, no renal impairment could be detected despite high-dose vancomycin therapy. G-H Fluid intake and urinary excretion balanced at 6 L/d and remained unchanged during therapy. I No difference in whole protein concentrations in serum was observed over the course of treatment, Figure S2: Pharmacokinetic model. Vc in L represents the volume of the central compartment. R(t) infusion rate, CL clearance, kcp, kpc, kbc, and kcb in h-1 represent first-order transfer constants connecting the various compartments. kbc describes the transition from CSF to the central compartment, while accordingly kcb stands for the transition from the central compartment to the CSF, kpc for the transition from the peripheral compartment to the central compartment and kcp for the transition from the central compartment to the peripheral compartment.





Author Contributions


Conceptualization, C.S. and J.M.; Formal analysis, C.T., N.F. and J.M.; Investigation, D.D., F.J.R., A.W. and M.E.; Methodology, U.C., O.R.F., N.F. and J.M.; Project administration, J.M.; Software, C.T. and N.F.; Supervision, K.Z. and V.S.; Validation, C.T., U.C. and A.C.R.; Visualization, C.T. and J.M.; Writing—Original draft, C.T., U.C., O.R.F., A.C.R. and J.M.; Writing—Review and editing, U.C., O.R.F., A.C.R. and J.M. All authors have read and agreed with the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This retrospective analysis was conducted according to the guidelines of the Declaration of Helsinki and approved by the ethics committee of Goethe University, Frankfurt am Main, Germany (# 4/17).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to institutional data protection policy.




Acknowledgments


K.Z. has received honoraria for participation in advisory board meetings for Haemonetics, and Vifor and received speaker fees from CSL Behring and GE Healthcare. He is the Principal Investigator of the EU-Horizon 2020 project ENVISION (Intelligent plug-and-play digital tool for real-time surveillance of COVID-19 patients and smart decision-making in Intensive Care Units) and Horizon Europe 2021 project COVend (Biomarker and AI-supported FX06 therapy to prevent progression from mild and moderate to severe stages of COVID-19). J.M. has received speaker fees from CSL Behring.




Conflicts of Interest


The other authors declare no conflicts.




References


	



Kumta, N.; Roberts, J.A.; Lipman, J.; Cotta, M.O. Antibiotic Distribution into Cerebrospinal Fluid: Can Dosing Safely Account for Drug and Disease Factors in the Treatment of Ventriculostomy-Associated Infections? Clin. Pharmacokinet. 2018, 57, 439–454. [Google Scholar] [CrossRef]

	



Widén, J.; Eriksson, B.-M.; Ronne-Engström, E.; Enblad, P.; Westman, G. Ventriculostomy-related infections in subarachnoid hemorrhage patients—A retrospective study of incidence, etiology, and antimicrobial therapy. Acta Neurochir. 2017, 159, 317–323. [Google Scholar] [CrossRef]

	



Tunkel, A.R.; Hartman, B.J.; Kaplan, S.L.; Kaufman, B.A.; Roos, K.L.; Scheld, W.M.; Whitley, R.J. Practice Guidelines for the Management of Bacterial Meningitis. Clin. Infect. Dis. 2004, 39, 1267–1284. [Google Scholar] [CrossRef]

	



Kumta, N.; Roberts, J.A.; Lipman, J.; Wong, W.T.; Joynt, G.M.; Cotta, M.O. A Systematic Review of Studies Reporting Antibiotic Pharmacokinetic Data in the Cerebrospinal Fluid of Critically Ill Patients with Uninflamed Meninges. Antimicrob. Agents Chemother. 2020, 65, e01998-20. [Google Scholar] [CrossRef] [PubMed]

	



Udy, A.; Boots, R.; Senthuran, S.; Stuart, J.; Deans, R.; Lassig-Smith, M.; Lipman, J. Augmented Creatinine Clearance in Traumatic Brain Injury. Anesth. Analg. 2010, 111, 1505–1510. [Google Scholar] [CrossRef]

	



Roberts, J.A.; Paul, S.K.; Akova, M.; Bassetti, M.; De Waele, J.J.; Dimopoulos, G.; Kaukonen, K.-M.; Koulenti, D.; Martin, C.; Montravers, P.; et al. DALI: Defining Antibiotic Levels in Intensive Care Unit Patients: Are Current β-Lactam Antibiotic Doses Sufficient for Critically Ill Patients? Clin. Infect. Dis. 2014, 58, 1072–1083. [Google Scholar] [CrossRef] [PubMed]

	



Minichmayr, I.K.; Roberts, J.A.; Frey, O.R.; Roehr, A.C.; Kloft, C.; Brinkmann, A. Development of a dosing nomogram for continuous-infusion meropenem in critically ill patients based on a validated population pharmacokinetic model. J. Antimicrob. Chemother. 2018, 73, 1330–1339. [Google Scholar] [CrossRef] [PubMed]

	



Mader, M.M.-D.; Czorlich, P.; König, C.; Fuhrmann, V.; Kluge, S.; Westphal, M.; Grensemann, J. Intrathecal penetration of meropenem and vancomycin administered by continuous infusion in patients suffering from ventriculitis—A retrospective analysis. Acta Neurochir. 2018, 160, 2099–2105. [Google Scholar] [CrossRef]

	



Blassmann, U.; Roehr, A.C.; Frey, O.R.; Vetter-Kerkhoff, C.; Thon, N.; Hope, W.; Briegel, J.; Huge, V. Cerebrospinal fluid penetration of meropenem in neurocritical care patients with proven or suspected ventriculitis: A prospective observational study. Crit. Care 2016, 20, 343. [Google Scholar] [CrossRef]

	



Blassmann, U.; Hope, W.; Roehr, A.C.; Frey, O.R.; Vetter-Kerkhoff, C.; Thon, N.; Briegel, J.; Huge, V. CSF penetration of vancomycin in critical care patients with proven or suspected ventriculitis: A prospective observational study. J. Antimicrob. Chemother. 2019, 74, 991–996. [Google Scholar] [CrossRef]

	



Beach, J.E.; Perrott, J.; Turgeon, R.D.; Ensom, M.H.H. Penetration of Vancomycin into the Cerebrospinal Fluid: A Systematic Review. Clin. Pharmacokinet. 2017, 56, 1479–1490. [Google Scholar] [CrossRef]

	



Abdul-Aziz, M.H.; Alffenaar, J.-W.C.; Bassetti, M.; Bracht, H.; Dimopoulos, G.; Marriott, D.; Neely, M.N.; Paiva, J.-A.; Pea, F.; Sjovall, F.; et al. Antimicrobial therapeutic drug monitoring in critically ill adult patients: A Position Paper. Intensive Care Med. 2020, 46, 1127–1153. [Google Scholar] [CrossRef] [PubMed]

	



Cataldo, M.A.; Tacconelli, E.; Grilli, E.; Pea, F.; Petrosillo, N. Continuous versus intermittent infusion of vancomycin for the treatment of Gram-positive infections: Systematic review and meta-analysis. J. Antimicrob. Chemother. 2012, 67, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Cies, J.J.; Moore, W.S.; Calaman, S.; Brown, M.; Narayan, P.; Parker, J.; Chopra, A. Pharmacokinetics of Continuous-Infusion Meropenem for the Treatment of Serratia marcescens Ventriculitis in a Pediatric Patient. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2015, 35, e32–e36. [Google Scholar] [CrossRef]

	



Kerz, T.; von Loewenich, F.D.; Roberts, J.; Neulen, A.; Ringel, F. Cerebrospinal fluid penetration of very high-dose meropenem: A case report. Ann. Clin. Microbiol. Antimicrob. 2018, 17, 47. [Google Scholar] [CrossRef] [PubMed]

	



Pea, F.; Viale, P.; Cojutti, P.; Furlanut, M. Dosing nomograms for attaining optimum concentrations of meropenem by continuous infusion in critically ill patients with severe gram-negative infections: A pharmacokinetics/pharmacodynamics-based approach. Antimicrob. Agents Chemother. 2012, 56, 6343–6348. [Google Scholar] [CrossRef]

	



Rybak, M.J.; Le, J.; Lodise, T.P.; Levine, D.P.; Bradley, J.S.; Liu, C.; Mueller, B.A.; Pai, M.P.; Wong-Beringer, A.; Rotschafer, J.C.; et al. Therapeutic monitoring of vancomycin for serious methicillin-resistant Staphylococcus aureus infections: A revised consensus guideline and review by the American Society of Health-System Pharmacists, the Infectious Diseases Society of America, the Pediatric Infectious Diseases Society, and the Society of Infectious Diseases Pharmacists. Am. J. Health Pharm. 2020, 77, 835–864. [Google Scholar] [CrossRef]

	



Cockcroft, D.W.; Gault, M.H. Prediction of creatinine clearance from serum creatinine. Nephron 1976, 16, 31–41. [Google Scholar] [CrossRef] [PubMed]

	



Roehr, A.C.; Frey, O.R.; Koeberer, A.; Fuchs, T.; Roberts, J.A.; Brinkmann, A. Anti-infective drugs during continuous hemodialysis—Using the bench to learn what to do at the bedside. Int. J. Artif. Organs 2015, 38, 17–22. [Google Scholar] [CrossRef]

	



Imani, S.; Buscher, H.; Marriott, D.; Gentili, S.; Sandaradura, I. Too much of a good thing: A Retrospective Study of β-Lactam Concentration–Toxicity Relationships. J. Antimicrob. Chemother. 2017, 72, 2891–2897. [Google Scholar] [CrossRef]

	



Tunkel, A.R.; Hasbun, R.; Bhimraj, A.; Byers, K.; Kaplan, S.L.; Scheld, W.M.; van de Beek, D.; Bleck, T.P.; Garton, H.J.L.; Zunt, J.R. 2017 Infectious Diseases Society of America’s Clinical Practice Guidelines for Healthcare-Associated Ventriculitis and Meningitis. Clin. Infect. Dis. 2017, 64, e34–e65. [Google Scholar] [CrossRef] [PubMed]

	



Huttner, A.; Von Dach, E.; Renzoni, A.; Huttner, B.D.; Affaticati, M.; Pagani, L.; Daali, Y.; Pugin, J.; Karmime, A.; Fathi, M.; et al. Augmented renal clearance, low β-lactam concentrations and clinical outcomes in the critically ill: An observational prospective cohort study. Int. J. Antimicrob. Agents 2015, 45, 385–392. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 10 01421 g001 550] 





Figure 1. Applied dose of meropenem (Mero) and vancomycin (Vanco) over the first 24 h (total A, or in relation to body weight B). Depicted are the median, and 50% quartile ranges; dots depict individual patient values (n = 9). 
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Figure 2. Variation of meropenem concentrations in serum (A) and CSF (B) over the first 7 days of treatment. Narrow lines depict the course of every individual patient (n = 9). The dotted line depicts the lower and the dashed line the upper limit of the target concentration. 
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Figure 3. Variation of vancomycin concentrations in serum (A) and CSF (B) over the first 7 days of treatment. Narrow lines depict the course of every individual patient (n = 9). The dotted line depicts the lower and the dashed line the upper limit of the target concentration. 
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Figure 4. Meropenem and creatinine clearance. The clearance of meropenem (MeroCL) and creatinine (CreaCL) show a positive correlation with a rank correlation coefficient according to Spearman of ρ = 1. 
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Figure 5. Nomogram for initial dosing of meropenem. Nomogram depicting the daily doses of continuous infusion meropenem required to achieve specific target concentrations in CSF (2, 3, and 4 mg/L) given different creatinine clearance values (CreaCL, calculated according to Cockcroft and Gault). Blue, black, and red lines and dots represent calculated doses for target CSF concentrations of 2, 3, or 4 mg/L, respectively. 






Figure 5. Nomogram for initial dosing of meropenem. Nomogram depicting the daily doses of continuous infusion meropenem required to achieve specific target concentrations in CSF (2, 3, and 4 mg/L) given different creatinine clearance values (CreaCL, calculated according to Cockcroft and Gault). Blue, black, and red lines and dots represent calculated doses for target CSF concentrations of 2, 3, or 4 mg/L, respectively.



[image: Antibiotics 10 01421 g005]







[image: Antibiotics 10 01421 g006 550] 





Figure 6. Treatment regimen. Serum and CSF concentrations were analyzed after 24 and 72 h with consecutive dose adjustment after 48 or 96 h from the start of infusion. Further analyses and dose adjustment were only performed where necessary. 






Figure 6. Treatment regimen. Serum and CSF concentrations were analyzed after 24 and 72 h with consecutive dose adjustment after 48 or 96 h from the start of infusion. Further analyses and dose adjustment were only performed where necessary.



[image: Antibiotics 10 01421 g006]







[image: Table] 





Table 1. Patient characteristics.
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	Patient Characteristics
	





	Age, years, median (min, max)
	53 (29, 84)



	Weight, kg, median (min, max)
	75 (62, 110)



	Height, cm, median (min, max)
	180 (160, 190)



	Body-Mass-Index, kg/m2, median (min, max)
	24.5 (22.9, 32.1)



	Sex, male/female
	7/2
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Table 2. Serum and CSF concentrations in each patient 24 h after infusion start.
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	Meropenem
	Vancomycin





	Patient 1
	Cserum [mg/L]
	25.7
	24.5



	
	CCSF [mg/L]
	6.4
	4.2



	
	CCSF/Cserum
	0.25
	0.17



	Patient 2
	Cserum [mg/L]
	29.3
	25.0



	
	CCSF [mg/L]
	9.8
	12.5



	
	CCSF/Cserum
	0.33
	0.50



	Patient 3
	Cserum [mg/L]
	21.3
	22.5



	
	CCSF [mg/L]
	4.6
	1.7



	
	CCSF/Cserum
	0.22
	0.07



	Patient 4
	Cserum [mg/L]
	25.6
	33.0



	
	CCSF [mg/L]
	3.4
	1.9



	
	CCSF/Cserum
	0.13
	0.06



	Patient 5
	Cserum [mg/L]
	19.3
	17.8



	
	CCSF [mg/L]
	2.9
	1.2



	
	CCSF/Cserum
	0.15
	0.07



	Patient 6
	Cserum [mg/L]
	14.1
	21.5



	
	CCSF [mg/L]
	0.8
	0.5



	
	CCSF/Cserum
	0.06
	0.02



	Patient 7
	Cserum [mg/L]
	18.9
	25.7



	
	CCSF [mg/L]
	1.4
	1.2



	
	CCSF/Cserum
	0.07
	0.05



	Patient 8
	Cserum [mg/L]
	17.9
	23.3



	
	CCSF [mg/L]
	2.2
	1.5



	
	CCSF/Cserum
	0.12
	0.06



	Patient 9
	Cserum [mg/L]
	32.9
	28.2



	
	CCSF [mg/L]
	5.7
	4.5



	
	CCSF/Cserum
	0.17
	0.16



	Median
	Cserum [mg/L]
	21.3
	24.5



	
	CCSF [mg/L]
	3.4
	1.7



	
	CCSF/Cserum
	0.15
	0.07
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