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Objective: The decision of vancomycin dosage for central nervous system (CNS) infections is still a challenge because its bactericidal nature in cerebrospinal fluid (CSF) has not been confirmed by human studies. This study systematically reviewed the literatures on vancomycin in patients with meningitis, ventriculitis, and CNS device-associated infections, to assess efficacy, safety, and pharmacokinetics to better serve as a practical reference.
Methods: Medline, Embase, and Cochrane Library were searched using terms vancomycin, Glycopeptides, meningitis, and central nervous system infections. Data were extracted including characteristics of participants, causative organism(s), administration, dosage, etc., The clinical response, microbiological response, adverse events and pharmacokinetic parameters were analyzed.
Results: Nineteen articles were included. Indications for vancomycin included meningitis, ventriculitis, and intracranial device infections. No serious adverse effects of intravenous (IV) and intraventricular (IVT) vancomycin have been reported. Dosages of IV and IVT vancomycin ranged from 1000–3000 mg/day and 2–20 mg/day. Duration of IV and IVT vancomycin therapy most commonly ranged from 3–27 days and 2–21 days. Therapeutic drug monitoring was conducted in 14 studies. Vancomycin levels in CSF in patients using IV and IVT vancomycin were varied widely from 0.06 to 22.3 mg/L and 2.5–292.9 mg/L. No clear relationships were found between vancomycin CSF levels and efficacy or toxicity.
Conclusion: Using vancomycin to treat CNS infections appears effective and safe based on current evidence. However, the optimal regimens are still unclear. Higher quality clinical trials are required to explore the vancomycin disposition within CNS.
Keywords: vancomycin, central nervous system, infections, efficacy, safety, pharmacokinetics
1 INTRODUCTION
Central nervous system (CNS) infections, including community-acquired bacterial meningitis (CABM) and healthcare-associated meningitis and ventriculitis (HCAVM) (Giovane and Lavender, 2018; Expert Panel on Neurological et al., 2019; Bloch and Hasbun, 2021), are particularly prevalent and associated with significant morbidity and mortality (Hasbun, 2019). Gram-positive organisms are one of the main pathogens for CNS infections (Levin and Lyons, 2018; Li et al., 2018). Owing to the emergence of penicillin-resistant Gram-positive organisms, vancomycin is widely used as an empiric treatment for bacterial CNS infections (Lewin et al., 2019). The decision of vancomycin dosage for CNS infections is still a challenge for two reasons: 1) the effective therapeutic concentrations in the CNS and 2) the time to reach the target of cerebrospinal fluid (CSF) concentration (van de Beek et al., 2012; Ng et al., 2014). Although Infectious Diseases Society of America (IDSA) recommends drug concentrations exceeding the minimum inhibitory concentration (MIC) 10–20 times for consistent CSF sterilization (Tunkel et al., 2017), the ratio of minimum CSF concentration to MIC for successful treatment is still unclear (Tunkel et al., 2004; Posadas and Fisher, 2018).
Vancomycin is a high molecular weight complex glycopeptide antibiotic that has been approved for clinical use since 1958. Vancomycin inhibits cell wall synthesis of bacteria by forming stable complex murein pentapeptide (Jacqz-Aigrain et al., 2019). Vancomycin exhibits time-dependent bacterial killing in serum (Rybak et al., 2020). But Vancomycin’s time-dependent bactericidal nature has not been confirmed in CSF. Current most studies suggested that penetration of vancomycin in the CNS is limited partly because of its hydrophilicity (Beach et al., 2017). Pharmacokinetic parameters of vancomycin in CSF are different from all other body sites due to the physiology of the cerebrospinal fluid. Moreover, potential device placement may alter normal physiological clearance of CSF (Ng et al., 2014). In determining the appropriate dosage strategies for vancomycin, its unique pharmacokinetic and pharmacodynamic characteristics in CNS infections must be considered (Hoen et al., 2019).
Unfortunately, few clinical trials performed for appropriate dosage of vancomycin in CNS infections have been published to guide use in routine clinical practice. In order to serve as a practical reference, we systematically reviewed the current literatures on intravenous (IV) and intraventricular (IVT) vancomycin in treatment of CNS infections. Where available, pharmacokinetic and pharmacodynamic (PK/PD) data were also summarised.
2 MATERIALS AND METHODS
2.1 Protocol and guidelines
The study was conducted and presented in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al., 2015) and the Synthesis Without Meta-analysis (SWiM) guideline (Campbell et al., 2020). The systematic review protocol was not published.
2.2 Search strategy
The databases MEDLINE, EMBASE and Cochrane Library were searched for evaluating vancomycin in therapy for CNS infections, using the terms “vancomycin” (MeSH) OR “vancomycin” (Title/Abstract) OR “Glycopeptides” (Title/Abstract) AND “meningitis, bacterial” (MeSH) OR [“nervous system diseases” (Title/Abstract) OR “meningit*” (Title/Abstract) OR “central nervous system infections” (Title/Abstract)] for articles. Searches were limited to articles published in English up to 24 July 2020. Titles and abstracts were manually reviewed. Reference lists were also manually searched for the relevant articles.
2.3 Eligibility criteria
Any published literature with documented involvement of patients administered vancomycin via any route of administration for CNS Infections was reviewed.
Inclusion criteria: 1) Patients: confirmed CNS Infections by laboratory, including meningitis, ventriculitis, and CNS device-associated infections; 2) Intervention: treated with vancomycin; 3) Comparison for pharmacodynamic analysis: patients in the control group were given modern conventional treatments; 4) Outcomes: clinical efficacy or safety or of vancomycin for CNS Infections, therapeutic drug monitoring of vancomycin, or pharmacokinetic parameters; 5) Study types: Randomized controlled trials (RCTs), nonrandomized controlled trials, cohort studies, case-control studies (CCSs), cross-sectional studies or pharmacokinetic studies. We excluded the following studies: 1) studies focusing on neurosurgical prophylaxis; 2) studies not focusing on vancomycin; 3) case reports, reviews, animal studies, letters, comments, abstracts, and editorials.
2.4 Study selection and data extraction
All results were reviewed independently by two investigators (S-PL and JX), any controversial item was resolved through discussion and adjudicated by the third author (Y-LL). Data collection were conducted independently by two authors (S-PL and JX) with a standardized approach. Data were extracted from the relevant articles on methodology, characteristics of trial participants (including age, gender, and indication), causative organism(s), number of patients receiving vancomycin, number of participants in study, route of administration, dose of vancomycin, therapeutic drug monitoring, treatment duration, clinical response, microbiological response, adverse events and pharmacokinetic parameters.
2.5 Quality assessment
Studies were assessed by two reviewers (S-PL and JX) using the Risk of Bias (RoB) assessment tool from the Cochrane Handbook for RCTs (Higgins et al., 2011), and the Newcastle-Ottawa Scale (NOS) for CCSs (Stang, 2010). All included pharmacokinetic studies or studies containing evidence regarding therapeutic drug monitoring and dosing were evaluated by two authors (S-PL and Y-EW.) using the 24-item ClinPK statement checklist (Kanji et al., 2015).
2.6 Statistical analysis
Stata (version 13.0; StataCorp) and Review Manager 5.3 were used to perform the statistical analysis. Risk ratio (RR) was used for dichotomous data. Effect size was expressed as weighted mean difference (WMD) and 95% confidence intervals (CI). Considering heterogeneity was calculated based on the random effect model. p-value less than 0.05 indicated significant statistically differences. The limited data were inadequate for a meta-analysis of efficacy or safety and therefore a descriptive analysis were performed, according to the SWiM guideline.
3 RESULTS
3.1 Flow and characteristics of included studies
A total of 19 articles involving 482 patients were identified (Figure 1). The characteristics of included studies were summarized in Table 1. In general, 6 studies involved patients treated with IVT vancomycin (Pfausler et al., 1997; Pfausler et al., 2003; Bafeltowska, Buszman, Mandat, and Hawranek, 2004; Popa et al., 2016; Parasuraman et al., 2018; Lewin et al., 2019), and 13 studies were IV vancomycin (Viladrich et al., 1991; Albanese et al., 2000; Arda et al., 2005; Ricard et al., 2007; Sipahi et al., 2013; Autmizguine et al., 2014; Shokouhi and Alavi Darazam, 2014; Elyasi et al., 2015; Lin et al., 2016; Mounier et al., 2017; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019). Fourteen studies were regarding pharmacokinetic analysis and dosing (Supplementary Appendix 1). Of these, 10 trials reported serum and CSF vancomycin concentrations (Viladrich et al., 1991; Albanese et al., 2000; Ricard et al., 2007; Autmizguine et al., 2014; Shokouhi and Alavi Darazam, 2014; Popa et al., 2016; Mounier et al., 2017; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019), and 6 provided CSF-to-serum ratios (Albanese et al., 2000; Autmizguine et al., 2014; Shokouhi and Alavi Darazam, 2014; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019). All trials reported the vancomycin serum or CSF sampling technique and timing. Five trials provided some information of PK Parameters (Albanese et al., 2000; Bafeltowska et al., 2004; Autmizguine et al., 2014; Lin et al., 2016; Taheri et al., 2018). Of these, only one trial described Population PK model covariates (Lin et al., 2016). Three RCTs (Pfausler et al., 2003; Elyasi et al., 2015; Taheri et al., 2018) and three case control studies (Arda et al., 2005; Sipahi et al., 2013; Lewin et al., 2019) analysed clinical or loboratory response of treatment with intravenous or intraventricular vancomycin (Supplementary Appendix 2).
[image: Figure 1]FIGURE 1 | Flow chart of literature search and selection process.
TABLE 1 | Characteristics of the trials.
[image: Table 1]3.2 Quality of included studies
The quality assessment of the three included RCTs (Pfausler et al., 2003; Elyasi et al., 2015; Taheri et al., 2018) is shown in Supplementary Appendix 3. The quality of three case control studies (Arda et al., 2005; Sipahi et al., 2013; Lewin et al., 2019) was assessed by NOS in Supplementary Appendix 4. The study published by Lewin et al. (2019) scored 5, Sipahi OR et al. (Sipahi et al., 2013) scored 7, and Arda et al. (2005) scored 4. Each PK study or therapeutic drug monitoring study was assessed using the ClinPK statement (Supplementary Appendix 5) (Kanji et al., 2015).
3.3 Administration with intravenous vancomycin
3.3.1 Clinical and microbiological response of intravenously administered vancomycin

• Meningitis
A single RCT was identified (Elyasi et al., 2015). During the 2-year period, 44 patients with bacterial meningitis were randomly assigned to the conventional-dose vancomycin (15 mg/kg q12 h) or high-dose vancomycin (15 mg/kg q8h) groups. In the high-dose group, leukocytosis (p = 0.03) and fever (p = 0.02) resolved significantly faster, length of hospitalization (p = 0.04) was shorter, and Glasgow Coma Scale (p = 0.02) at the end of 10th day was lower than those in the conventional group.
• Ventriculitis and Shunt Infections
A single RCT was identified (Taheri et al., 2018). Patients in intermittent infusion group (II group) received vancomycin 25 mg/kg every 12 h, and those in continuous infusion group (CI group) received vancomycin 50 mg/kg/day by continuous infusion. At the end of treatment, all patients recovered in both groups, the therapy was well tolerated. One retrospective cohort study was identified (Sipahi et al., 2013) in 17 patients with culture-proved MRSA meningitis. Of these 6 patients with vancomycin treatment failures, two died while receiving linezolid. One Patient who failed linezolid treatment died after development of Pseudomonas aeruginosa meningitis. Another retrospective study involved 10 MRSA post-neurosurgical meningitis cases, including 3 children (Arda et al., 2005). All patients survived except one patient. The only fatal infection was treated empirically with cefazolin and died during this treatment while awaiting the CSF culture results.
3.3.2 Adverse effects of intravenous vancomycin
No adverse events were reported in these studies, including nephrotoxicity.
3.3.3 Pharmacokinetics of intravenously administered vancomycin
Of the studies included, 13 obtaining serial CSF vancomycin concentrations post IV dose (Viladrich et al., 1991; Pfausler et al., 1997; Albanese et al., 2000; Bafeltowska et al., 2004; Ricard et al., 2007; Autmizguine et al., 2014; Shokouhi and Alavi Darazam, 2014; Popa et al., 2016; Mounier et al., 2017; Wang et al., 2017; Parasuraman et al., 2018; Taheri et al., 2018; Cai et al., 2019). Of these, 4 sought to characterize serum pharmacokinetic parameters of IV vancomycin, including 3 in adults and 1 in children (Albanese et al., 2000; Autmizguine et al., 2014; Lin et al., 2016; Taheri et al., 2018).
• Volume of distribution (VD)
Albanese et al. (2000) performed a serum pharmacokinetic analysis in 7 patients with bacterial meningitis that suggested that VD was 0.2 ± 0.05 L/kg. For children population, a pharmacokinetic analysis performed in seven children (Autmizguine et al., 2014) showed that the VD was 0.70 (0.22–4.46) L/kg in serum.
• Clearance (CL)
Lin et al. (2016) performed a prospective study of 100 adults post-craniotomy meningitis patients. A PPK model was developed using a nonlinear mixed-effect modelling program basing a one-compartment model with first-order elimination. The results showed that creatinine clearance affected vancomycin clearance. Taheri et al. (2018) evaluated serum pharmacokinetics of vancomycin in 20 post neurosurgical meningitis patients. Using a non-compartmental method, CL was 4.60 ± 0.73 L/h in the continuous infusion group and 4.86 ± 0.68 L/h in the intermittent infusion group. In another serum pharmacokinetics of vancomycin (Albanese et al., 2000), CL was 0.03 ± 0.02 L/min. The pharmacokinetic study performed in children (Autmizguine et al., 2014) found that CL was 0.08 (0.05–0.15) L/h/kg.
• Half-life (t1/2)
The study of serum pharmacokinetics of vancomycin (Taheri et al., 2018) found that t1/2 was 7.05 ± 0.89 h in the continuous infusion group and 6.99 ± 0.7 h in the intermittent infusion group. In another pharmacokinetic analysis (Albanese et al., 2000), elimination t1/2 was 6.9 ± 5.9 h.
3.3.4 CSF penetration of intravenously administered vancomycin
In all identified studies, 6 clinical trials (Albanese et al., 2000; Autmizguine et al., 2014; Shokouhi and Alavi Darazam, 2014; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019) evaluated vancomycin CSF penetration, which CSF-to-serum ratio of vancomycin varied from 0.00 to 0.81. Most studies indicated that no factor could predict vancomycin CSF penetration. However, Albanese et al. (2000) suggested that vancomycin penetration into CSF was significantly higher in the bacterial meningitis group (48%) than in the other group (18%). Ricard et al. (2007) found a positive correlation between vancomycin penetration into CSF and the level of CSF protein. Shokouhi and Alavi Darazam, (2014) suggested that the vancomycin CSF trough concentrations were positively correlated with serum simultaneous levels (r = 0.71).
3.3.5 Dosage regimens
Dosing regimens of IV vancomycin in reviewed studies were 1000–3000 mg/day (Viladrich et al., 1991; Albanese et al., 2000; Arda et al., 2005; Ricard et al., 2007; Sipahi et al., 2013; Autmizguine et al., 2014; Shokouhi & Alavi Darazam, 2014; Elyasi et al., 2015; Lin et al., 2016; Mounier et al., 2017; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019). A study on a low intravenous vancomycin dose of 7.5 mg/kg every 6 h for pneumococcal meningitis suggested that treatment failures occurred in 45.45% (5/11) of patients (Viladrich et al., 1991).
3.3.6 Duration of therapy
Duration of therapy is highly heterogeneous between cases with an approximate range of 3–27 days (Viladrich et al., 1991; Albanese et al., 2000; Arda et al., 2005; Ricard et al., 2007; Sipahi et al., 2013; Autmizguine et al., 2014; Shokouhi and Alavi Darazam, 2014; Elyasi et al., 2015; Lin et al., 2016; Mounier et al., 2017; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019). Wang et al. suggested a 3- to 5-day treatment course for proven or highly suspected postsurgical meningitis, but 45.5% (10/22) cases required a treatment period of >5 days (Wang et al., 2017). In a prospective clinical trial in 8 children with cerebral ventricular shunt infections, bacteriologic confirmed normalization of CSF was noted after a mean duration of 17 days and no relapses were noted over a 6 month period (Autmizguine et al., 2014).
3.4 Administration with intraventricular vancomycin
3.4.1 Clinical and microbiological response of intravenously administered vancomycin

• Meningitis
No studies.
• Ventriculitis and shunt infections
In a RCT study (Pfausler et al., 2003), much higher CSF vancomycin levels were achieved by intraventricular administration than by intravenous administration. The maximum CSF vancomycin level was 565.58 ± 168.71 μg/ml in IVT Group and 1.73 ± 0.4 μg/ml in IV Group. A retrospective study (Lewin et al., 2019) involved 44 patients who received only vancomycin. Sterilization of CSF cultures occurred in 39 out of 44 patients (88.4%) who received IVT vancomycin alone.
3.4.2 Adverse effects of intraventricular vancomycin
There were no confirmed adverse effects due to the IVT treatment in the reviewed studies.
3.4.3 Pharmacokinetics of intraventricularly administered vancomycin

• VD
A retrospective case series enrolled 13 patients who received IVT vancomycin for external ventricular drains (EVD)-related infections (Popa et al., 2016) On univariate analysis, CSF vancomycin concentrations were correlated with CSF output (p = 0.02) and time from dose (p = 0.001). Using multi-variate linear regression, only time was an independent predictor for CSF vancomycin concentration (p = 0.033).
• CL
As Collins described (Collins, 1983), a minimum clearance rate for all drugs is determined by ratio of CSF bulk flow to CSF volume, and is independent of properties of the drug.
• t1/2
Pfausler et al. (2003) found that CSF vancomycin t1/2 was extended during progression of treatment, resulting in vancomycin accumulation necessitating dosage alterations. For shunt infections in children, the t1/2 of vancomycin in CSF after intraventricular administration was also prolonged, ranging from 8 to 76 h (Bafeltowska et al., 2004). In contrast, Pfausler et al. (1997) did not observe vancomycin accumulation in any of 3 patients using IVT vancomycin 10 mg q24 h for over 7 days.
3.4.4 Dosage regimens
Empiric dosage regimens of 5–20 mg/day are generally recommended for treating meningitis (Tunkel et al., 2004) and ventriculitis (Agrawal, Cincu, and Timothy, 2008). Empiric dosing frequency of once a day is most commonly used (Pfausler et al., 1997; Bafeltowska et al., 2004; Popa et al., 2016; Parasuraman et al., 2018). In children, the doses of IVT vancomycin used were from 2 to 20 mg (Bafeltowska et al., 2004; Parasuraman et al., 2018). A study involved 10 children with hydrocephalus shunt infections who received IVT vancomycin of doses ranging from 2 to 20 mg (Bafeltowska et al., 2004). A single-center, retrospective case series in infants reported doses ranging from 3 to 15 mg are sufficient for achieving microbiological cure and no adverse effects were observed (Parasuraman et al., 2018).
3.4.5 Duration of therapy
Duration of therapy varies greatly between cases with a range of 2–31 days (Pfausler et al., 1997; Pfausler et al., 2003; Bafeltowska et al., 2004; Popa et al., 2016; Parasuraman et al., 2018; Lewin et al., 2019). A single-centre, retrospective case series (Parasuraman et al., 2018) suggested that ventriculitis resolution was achieved in a median of 5.5 days (range 2–31 days) in all included seven infants in doses ranging from 3 to 15 mg. Longer durations may be repaired in cases of fulminant ependymitis, persistent positive CSF cultures, as well as in immunocompromised patients. Source control by removing infected devices is crucial to successful bacterial eradication.
4 DISCUSSION
In clinical practice, the use of vancomycin to treat CNS infections could be based on the efficacy and safety of its or other considerations. The systematic review showed that using vancomycin for CNS infections appears safe and effective. Dosages of IV vancomycin ranged from 1000–3000 mg/day and empiric dosing frequency was 15 mg/kg q6h. Dosage of IVT vancomycin were from 2 to 20 mg/day and empiric dosages were 5–20 mg/day. Vancomycin tends to penetrate CSF poorly because it is a large and hydrophilic molecule that limits passage through BBB (Beach et al., 2017). Due to the potential limitations of IV vancomycin therapy, when intravenous vancomycin does not achieve clinical and laboratory improvement in bacterial CNS infections caused by susceptible organisms that are resistant to other drugs, IVT administration may be considered (Ziai and Lewin, 2009) (“The management of neurosurgical patients with postoperative bacterial or aseptic meningitis or external ventricular drain-associated ventriculitis. Infection in Neurosurgery Working Party of the British Society for Antimicrobial Chemotherapy,” 2000; Tunkel et al., 2004).
In the reviewed studies, unexpectedly high and low CSF vancomycin concentrations have been observed (Viladrich et al., 1991; Albanese et al., 2000; Arda et al., 2005; Ricard et al., 2007; Sipahi et al., 2013; Autmizguine et al., 2014; Shokouhi & Alavi Darazam, 2014; Elyasi et al., 2015; Lin et al., 2016; Mounier et al., 2017; Wang et al., 2017; Taheri et al., 2018; Cai et al., 2019) (Pfausler et al., 1997; Pfausler et al., 2003; Bafeltowska et al., 2004; Popa et al., 2016; Parasuraman et al., 2018; Lewin et al., 2019) and successful treatment has been achieved in most cases. Trough levels are recommended to be maintained above 10–20 times the MIC of the organism (Tunkel et al., 2004); and CSF samples are to be analyzed before each subsequent dose of vancomycin (Reesor, Chow, Kureishi, and Jewesson, 1988). Brain tissue and subarachnoid space are regions where host defense is ineffective, with lacking of antibodies as well as complement in CSF (Tunkel and Scheld, 1993). Therefore, vancomycin must be dosed to reach sufficiently high concentrations to allow to eradicate infections. It is debated whether therapeutic drug monitoring (TDM) of CSF vancomycin concentrations is necessary or effective, because it is uncertain whether vancomycin is time-dependent or concentration-dependent in CSF. Additionally, the therapeutic range of CSF vancomycin concentrations has not been characterized. Therefore, routine TDM is of little value because it is unclear how it makes a significant difference in clinical decision making (Ng et al., 2014). But selective TDM may be warranted when CSF culture is not cleared after 3–5 days of treatment, duration of treatment is expected to be extended beyond 1–2 weeks, dosages are outside the usual range, or when disease states or placements and removals of devices are expected to be changing CSF physiology (Ng et al., 2014). It is recommend targeting an AUC/MIC ratio of 400–600 in both adult and pediatric patients for the treatment of serious infections to maximize clinical efficacy and minimize AKI risk (Rybak et al., 2020). A trough level of 15–20 mg/L is recommended to insure an AUC/MIC >400 in recent expert guidelines (Jeffres, 2017; Tunkel et al., 2017).
Our study had some limitations. Firstly, sample sizes are relatively small, ranging from 3 to 120 cases. Due to few CSF PK/PD data given from current evidence to guide dosing of vancomycin, optimal regimens are still unclear. Secondly, pharmacokinetic parameters of vancomycin CSF are unclear. Despite the vast amount of knowledge acquired regarding IV vancomycin in blood stream infections, these pharmacokinetic parameters cannot be applied to CNS infections because of unique differences between blood and CSF. Thirdly, it is the lack of adverse effects data. Nephrotoxicity is the most significant adverse effect. Some risk factors for vancomycin-association nephrotoxicity should be warned, such as the combination of piperacillin-tazobactam (PTZ), everity of illness, pre-existing kidney disease, and so on (Fiorito, Luther, Dennehy, LaPlante, & Matson, 2018; Abdelmessih et al., 2022).
5 CONCLUSION
Based on current evidence, using vancomycin to treat CNS infections appears safe and effective, although optimal regimens are still unclear. Dosing adjustment of vancomycin needs to consider the patient specific factors and the influence of CNS pathophysiology. Higher quality clinical trials are required to explore vancomycin disposition within CNS, so as to better characterize the PK/PD parameters and understand the effects on CNS infections.
AUTHOR CONTRIBUTIONS
All authors participated in the study and were eligible and agreed to this final version of the manuscript. S-PL, JX, and Y-LL contributed to the concept of the study. S-PL and JX screened the literature and extracted the data required. S-PL and Y-LL assessed the methodological quality. JX, Y-LL, Y-EW, HQ, and Z-ZW settled disagreement on literature inclusion, data extraction, and quality appraisal. S-PL, JX, and Y-LL performed the statistical analysis, explained the results and drafted the manuscript. WZ, A-DS, and GL proofread the manuscript and gave important advice.
FUNDING
This work was supported by Beijing Natural Science Foundation (grant number L202004), Respiratory Research Project of National Clinical Research Center for Respiratory Diseases, (grant number HXZX-20210), National Natural Science Foundation of China (grant number 81903669); National Natural Science Foundation of China (grant number 82173897), Beijing Research Ward Construction Demonstration Unit Project [grant number BCRW202101]; and Distinguished Young and Middle-aged Scholar of Shandong University. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.1056148/full#supplementary-material
REFERENCES
 Abdelmessih, E., Patel, N., Vekaria, J., Crovetto, B., SanFilippo, S., Adams, C., et al. (2022). Vancomycin area under the curve versus trough only guided dosing and the risk of acute kidney injury: Systematic review and meta-analysis. Pharmacotherapy 42, 741–753. doi:10.1002/phar.2722
 Agrawal, A., Cincu, R., and Timothy, J. (2008). Current concepts and approach to ventriculitis. Infect. Dis. Clin. Pract. Balt. Md. 16, 100–104. doi:10.1097/ipc.0b013e318142ce2c
 Albanese, J., Leone, M., Bruguerolle, B., Ayem, M. L., Lacarelle, B., and Martin, C. (2000). Cerebrospinal fluid penetration and pharmacokinetics of vancomycin administered by continuous infusion to mechanically ventilated patients in an intensive care unit. Antimicrob. Agents Chemother. 44, 1356–1358. doi:10.1128/aac.44.5.1356-1358.2000
 Arda, B., Yamazhan, T., Sipahi, O. R., Islekel, S., Buke, C., and Ulusoy, S. (2005). Meningitis due to methicillin-resistant Staphylococcus aureus (MRSA): Review of 10 cases. Int. J. Antimicrob. Agents 25, 414–418. doi:10.1016/j.ijantimicag.2004.12.005
 Autmizguine, J., Moran, C., Gonzalez, D., Capparelli, E. V., Smith, P. B., Grant, G. A., et al. (2014). Vancomycin cerebrospinal fluid pharmacokinetics in children with cerebral ventricular shunt infections. Pediatr. Infect. Dis. J. 33, e270–e272. doi:10.1097/INF.0000000000000385
 Bafeltowska, J. J., Buszman, E., Mandat, K. M., and Hawranek, J. K. (2004). Therapeutic vancomycin monitoring in children with hydrocephalus during treatment of shunt infections. Surg. Neurol. 62, 142–150. discussion 150. doi:10.1016/j.surneu.2003.11.014
 Beach, J. E., Perrott, J., Turgeon, R. D., and Ensom, M. H. H. (2017). Penetration of vancomycin into the cerebrospinal fluid: A systematic review. Clin. Pharmacokinet. 56, 1479–1490. doi:10.1007/s40262-017-0548-y
 Bloch, K., and Hasbun, R. (2021). Central nervous system infections associated with neurologic devices. Curr. Opin. Infect. Dis. 34, 238–244. doi:10.1097/QCO.0000000000000723
 Cai, Y., Zhou, L., Wang, H., Zhang, L., Wang, J., and Zhang, K. (2019). Comparation of vancomycin penetration into cerebrospinal fluid in postoperative intracranial infection and community-acquired meningitis patients. J. Clin. Pharm. Ther. 44, 216–219. doi:10.1111/jcpt.12770
 Campbell, M., McKenzie, J. E., Sowden, A., Katikireddi, S. V., Brennan, S. E., Ellis, S., et al. (2020). Synthesis without meta-analysis (SWiM) in systematic reviews: Reporting guideline. BMJ 368, l6890. doi:10.1136/bmj.l6890
 Collins, J. M. (1983). Pharmacokinetics of intraventricular administration. J. Neurooncol. 1, 283–291. doi:10.1007/BF00165710
 Elyasi, S., Khalili, H., Dashti-Khavidaki, S., and Emadi-Koochak, H. (2015). Conventional- versus high-dose vancomycin regimen in patients with acute bacterial meningitis: A randomized clinical trial. Expert Opin. Pharmacother. 16, 297–304. doi:10.1517/14656566.2015.999042
 Expert Panel on Neurological, I., Luttrull, M. D., Boulter, D. J., Kirsch, C. F. E., Aulino, J. M., Broder, J. S., et al. (2019). ACR appropriateness Criteria® acute mental status change, delirium, and new onset psychosis. J. Am. Coll. Radiol. 16, S26–S37. doi:10.1016/j.jacr.2019.02.024
 Fiorito, T. M., Luther, M. K., Dennehy, P. H., LaPlante, K. L., and Matson, K. L. (2018). Nephrotoxicity with vancomycin in the pediatric population: A systematic review and meta-analysis. Pediatr. Infect. Dis. J. 37, 654–661. doi:10.1097/INF.0000000000001882
 Giovane, R. A., and Lavender, P. D. (2018). Central nervous system infections. Prim. Care 45, 505–518. doi:10.1016/j.pop.2018.05.007
 Hasbun, R. (2019). Update and advances in community acquired bacterial meningitis. Curr. Opin. Infect. Dis. 32, 233–238. doi:10.1097/QCO.0000000000000543
 Higgins, J. P., Altman, D. G., Gotzsche, P. C., Juni, P., Moher, D., Oxman, A. D., et al. (2011). The Cochrane Collaboration's tool for assessing risk of bias in randomised trials. BMJ 343, d5928. doi:10.1136/bmj.d5928
 Hoen, B., Varon, E., de Debroucker, T., Fantin, B., Grimprel, E., Wolff, M., et al. (2019). Management of acute community-acquired bacterial meningitis (excluding newborns). Long version with arguments. Med. Mal. Infect. 49, 405–441. doi:10.1016/j.medmal.2019.03.009
 Jacqz-Aigrain, E., Leroux, S., Thomson, A. H., Allegaert, K., Capparelli, E. V., Biran, V., et al. (2019). Population pharmacokinetic meta-analysis of individual data to design the first randomized efficacy trial of vancomycin in neonates and young infants. J. Antimicrob. Chemother. 74, 2128–2138. doi:10.1093/jac/dkz158
 Jeffres, M. N. (2017). The whole price of vancomycin: Toxicities, troughs, and time. Drugs 77, 1143–1154. doi:10.1007/s40265-017-0764-7
 Kanji, S., Hayes, M., Ling, A., Shamseer, L., Chant, C., Edwards, D. J., et al. (2015). Reporting guidelines for clinical pharmacokinetic studies: The ClinPK statement. Clin. Pharmacokinet. 54, 783–795. doi:10.1007/s40262-015-0236-8
 Levin, S. N., and Lyons, J. L. (2018). Infections of the nervous system. Am. J. Med. 131, 25–32. doi:10.1016/j.amjmed.2017.08.020
 Lewin, J. J., Cook, A. M., Gonzales, C., Merola, D., Neyens, R., Peppard, W. J., et al. (2019). Current practices of intraventricular antibiotic therapy in the treatment of meningitis and ventriculitis: Results from a multicenter retrospective cohort study. Neurocrit. Care 30, 609–616. doi:10.1007/s12028-018-0647-03rd
 Li, C., Feng, W. Y., Lin, A. W., Zheng, G., Wang, Y. C., Han, Y. J., et al. (2018). Clinical characteristics and etiology of bacterial meningitis in Chinese children >28 days of age, january 2014-december 2016: A multicenter retrospective study. Int. J. Infect. Dis. 74, 47–53. doi:10.1016/j.ijid.2018.06.023
 Lin, W. W., Wu, W., Jiao, Z., Lin, R. F., Jiang, C. Z., Huang, P. F., et al. (2016). Population pharmacokinetics of vancomycin in adult Chinese patients with post-craniotomy meningitis and its application in individualised dosage regimens. Eur. J. Clin. Pharmacol. 72, 29–37. doi:10.1007/s00228-015-1952-6
 Moher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al. (2015). Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 4, 1. doi:10.1186/2046-4053-4-1
 Mounier, R., Lobo, D., Hulin, A., Nebbad, B., Cook, F., and Dhonneur, G. (2017). Is first-line vancomycin still the best option to treat Staphylococcus health care-associated meningitis?World Neurosurg. 99, 812 e811–e812. doi:10.1016/j.wneu.2016.12.076
 Ng, K., Mabasa, V. H., Chow, I., and Ensom, M. H. (2014). Systematic review of efficacy, pharmacokinetics, and administration of intraventricular vancomycin in adults. Neurocrit. Care 20, 158–171. doi:10.1007/s12028-012-9784-z
 Parasuraman, J. M., Albur, M., Fellows, G., and Heep, A. (2018). Monitoring intraventricular vancomycin for ventriculostomy access device infection in preterm infants. Childs Nerv. Syst. 34, 473–479. doi:10.1007/s00381-017-3623-7
 Pfausler, B., Haring, H. P., Kampfl, A., Wissel, J., Schober, M., and Schmutzhard, E. (1997). Cerebrospinal fluid (CSF) pharmacokinetics of intraventricular vancomycin in patients with staphylococcal ventriculitis associated with external CSF drainage. Clin. Infect. Dis. 25, 733–735. doi:10.1086/513756
 Pfausler, B., Spiss, H., Beer, R., Kampl, A., Engelhardt, K., Schober, M., et al. (2003). Treatment of staphylococcal ventriculitis associated with external cerebrospinal fluid drains: A prospective randomized trial of intravenous compared with intraventricular vancomycin therapy. J. Neurosurg. 98, 1040–1044. doi:10.3171/jns.2003.98.5.1040
 Popa, D., Loewenstein, L., Lam, S. W., Neuner, E. A., Ahrens, C. L., and Bhimraj, A. (2016). Therapeutic drug monitoring of cerebrospinal fluid vancomycin concentration during intraventricular administration. J. Hosp. Infect. 92, 199–202. doi:10.1016/j.jhin.2015.10.017
 Posadas, E., and Fisher, J. (2018). Points & pearls: Pediatric bacterial meningitis: An update on early identification and management. Pediatr. Emerg. Med. Pract. 15, 1–e2. 
 Reesor, C., Chow, A. W., Kureishi, A., and Jewesson, P. J. (1988). Kinetics of intraventricular vancomycin in infections of cerebrospinal fluid shunts. J. Infect. Dis. 158, 1142–1143. doi:10.1093/infdis/158.5.1142
 Ricard, J. D., Wolff, M., Lacherade, J. C., Mourvillier, B., Hidri, N., Barnaud, G., et al. (2007). Levels of vancomycin in cerebrospinal fluid of adult patients receiving adjunctive corticosteroids to treat pneumococcal meningitis: A prospective multicenter observational study. Clin. Infect. Dis. 44, 250–255. doi:10.1086/510390
 Rybak, M. J., Le, J., Lodise, T. P., Levine, D. P., Bradley, J. S., Liu, C., et al. (2020). 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. Syst. Pharm. 77, 835–864. doi:10.1093/ajhp/zxaa036
 Shokouhi, S., and Alavi Darazam, I. (2014). Determination of vancomycin trough level in serum and cerebrospinal fluid of patients with acute community-acquired meningitis: A prospective study. J. Infect. 69, 424–429. doi:10.1016/j.jinf.2014.06.010
 Sipahi, O. R., Bardak-Ozcem, S., Turhan, T., Arda, B., Ruksen, M., Pullukcu, H., et al. (2013). Vancomycin versus linezolid in the treatment of methicillin-resistant Staphylococcus aureus meningitis. Surg. Infect. 14, 357–362. doi:10.1089/sur.2012.091
 Stang, A. (2010). Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in meta-analyses. Eur. J. Epidemiol. 25, 603–605. doi:10.1007/s10654-010-9491-z
 Taheri, M., Dadashzadeh, S., Shokouhi, S., Ebrahimzadeh, K., Sadeghi, M., and Sahraei, Z. (2018). Administration of vancomycin at high doses in patients with post neurosurgical meningitis: A comprehensive Comparison between continuous infusion and intermittent infusion. Iran. J. Pharm. Res. 17, 195–205.
 Tunkel, A. R., Hartman, B. J., Kaplan, S. L., Kaufman, B. A., Roos, K. L., Scheld, W. M., et al. (2004). Practice guidelines for the management of bacterial meningitis. Clin. Infect. Dis. 39, 1267–1284. doi:10.1086/425368
 Tunkel, A. R., Hasbun, R., Bhimraj, A., Byers, K., Kaplan, S. L., Scheld, W. M., et al. (2017). infectious diseases society of America's clinical practice guidelines for healthcare-associated ventriculitis and meningitis. Clin. Infect. Dis. 64, e34–e65. doi:10.1093/cid/ciw861
 Tunkel, A. R., and Scheld, W. M. (1993). Pathogenesis and pathophysiology of bacterial meningitis. Clin. Microbiol. Rev. 6, 118–136. doi:10.1128/cmr.6.2.118
 van de Beek, D., Brouwer, M. C., Thwaites, G. E., and Tunkel, A. R. (2012). Advances in treatment of bacterial meningitis. Lancet 380, 1693–1702. doi:10.1016/S0140-6736(12)61186-6
 Viladrich, P. F., Gudiol, F., Linares, J., Pallares, R., Sabate, I., Rufi, G., et al. (1991). Evaluation of vancomycin for therapy of adult pneumococcal meningitis. Antimicrob. Agents Chemother. 35, 2467–2472. doi:10.1128/aac.35.12.2467
 Wang, Q., Chen, S., Zhou, Y. G., Xu, P., Liu, Y. P., Cai, H. L., et al. (2017). Association between vancomycin blood brain barrier penetration and clinical response in postsurgical meningitis. J. Pharm. Pharm. Sci. 20, 161–167. doi:10.18433/J3493F
 Ziai, W. C., and Lewin, J. J. (2009). Improving the role of intraventricular antimicrobial agents in the management of meningitis. Curr. Opin. Neurol. 22, 277–282. doi:10.1097/wco.0b013e32832c13963rd
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Xiao, Liu, Wu, Qi, Wang, Shen, Liu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Systematic review of efficacy, safety and pharmacokinetics of intravenous and intraventricular vancomycin for central nervous system infections		1 Introduction

		2 Materials and methods		2.1 Protocol and guidelines

		2.2 Search strategy

		2.3 Eligibility criteria

		2.4 Study selection and data extraction

		2.5 Quality assessment

		2.6 Statistical analysis





		3 Results		3.1 Flow and characteristics of included studies

		3.2 Quality of included studies

		3.3 Administration with intravenous vancomycin

		3.4 Administration with intraventricular vancomycin





		4 Discussion

		5 Conclusion

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Systematic review of efficacy,
safety and pharmacokinetics of
intravenous and intraventricular
vancomycin for central nervous
system infections





OPS/images/fphar-13-1056148-g001.gif





OPS/images/fphar-13-1056148-t001.jpg
Author Sample  Age

(year) size
Cai, (2019) 2 4438 years
(SD 14.05)
Lewin, (2019) 105 499 years
(SD 17.6)
Parasuraman, 7 Gestational
(2018) age: 25 +
4 weeks
Taheri, (2018) 20 48.5 years
(SD 7.46)
Mounier, 6 43 years
(2017) (SD 14.3)
Wang, (2017) 22 52.6 years
(SD 12.1)
Lin, (2016) 120 Range,
18-86 years
Popa, (2016) 13 58 years
(SD 29.8)
Elyasi, (2015) 44 Range,
29-69 years
Autmizguine, 8 Range,
(2014) 0.2-17 years
Shokouhi, 27 39.4 years
(2014) (SD 14.7)
Sipahi, (2013) 17 616 years
(SD 13.2)
Ricard, (2007) 14 52 years
(SD 20)
Arda, (2005) 10 34.1 years
(SD 25.6)
Bafeltowska, 10 11-151 days
(2004) old
Pfausler, 10 Range,
(2003) 26-73 years
Albanése, 13 Range,
(2000) 25-58 years
Pfausler, 3 >18 years
(1997)
Viladrich, 11 40 years
(1991) (SD 15)

(male)

13 (59%)

62 (59%)

NA

11 (55%)

4(67%)

14 (64%)

79
(65.83%)

8 (62%)

NA

4 (50%)

18 (67%)

12 (71%)

8 (57%)

8 (80%)

4 (40%)

3 (30%)

NA

NA

5 (45%)

Indication

PII and CAM

CNS infections

VPS in preterm
infants

PNM

PNM

PCM

Meningitis

BM

VPS

CAM

PNM and VPS

BM

PNMand HAM

VPS in children
with
hydrocephalus

VPS

vps

BM

Pathogen
(number)

NA

CoNS (23), S. aureus
(11), Klebsiella species
(10), and Pseudomonas
species (6)

NA

A. baumannii (1), MRSA
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