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Abstract
Introduction: Vancomycin is a recognised cause of drug-induced acute kidney injury.
Objective: The aim of this systematic review was to summarise the incidence of, and the risk factors for, vancomycin-associated acute kidney injury (v-AKI) in children.
Design: A systematic search was performed in November 2020 on the search engines PubMed, Web of Science and Medline, using predefined search terms. The inclusion criteria were primary paediatric studies, intervention with vancomycin, and studies that included AKI as an outcome. Study quality was assessed using the relevant Critical Appraisal Skills Programme checklist. The data are reported using descriptive statistics.
Results: 890 studies were identified and screened with twenty-five studies suitable for inclusion. A cohort of 12,730 patients with vancomycin-induced acute kidney injury (v-AKI) were included and the incidence of v-AKI in children was found to be 11.8% (1.6-27.2%). The median age of the cohort was 2.5 years (range 0-23) and 57% were male. Risk factors that increased the likelihood of v-AKI were; concomitant use of nephrotoxic medications, increased trough concentrations, and, to a lesser extent, increased dose, longer duration of treatment, impaired renal function and if the patient required paediatric intensive care.
Conclusions: The incidence of v-AKI in children is significant and methods to reduce this risk should be considered. Further prospective interventional studies to understand the mechanisms of nephrotoxicity from vancomycin are needed and targeting risk factors may make vancomycin administration safer.
Funding and registration: No financial support was received. The protocol was registered with PROSPERO [139459].

Introduction
Vancomycin is an important glycopeptide antibiotic that became available for clinical use over 60 years ago, however it was initially disregarded due to its toxicity profile (1). The advent of Clostridium difficile enterocoloitis and methicillin-resistant staphylococcus aureus (MRSA) led to a rise in the use of vancomycin and it remains one of the first line agents used to target gram-positive bacteria (2). It is known to have the potential for kidney toxicity, and current practice relies on monitoring therapeutic drug levels and kidney function. The increasing number of infections produced by beta-lactam-resistant Gram-positive bacteria is a concern with recent reports suggesting the rate of vancomycin resistance to be around 15% (3). The emergence of vancomycin treatment failures have led to speculation of the vancomycin minimum inhibitory concentration (MIC) creeping up (so-called “MIC-creep”) thus the potential use of increased doses, longer treatments and concomitant medications may continue (4). 

Vancomycin is primarily excreted by the kidney and can cause toxicity to the proximal tubule epithelial cells (5). Despite having a narrow therapeutic window, the mechanisms of nephrotoxicity from vancomycin are poorly understood (6, 7). Vancomycin nephrotoxicity usually presents as acute kidney injury (AKI) in clinical practice through an elevation in serum creatinine values and rarely demands the need for acute renal replacement therapy (8). In a previous systematic review in adults, the typical onset of vancomycin-associated acute kidney injury (v-AKI) was 4.3-17 days after administration and usually improved within a week. It is a recognised cause of increased mortality and increased length of hospital stay (9-12). 

To develop strategies to reduce v-AKI in children, we first require a better understanding of the scale of the problem and the risk factors involved. The primary aim of this systematic review is to describe the incidence and risk factors associated with the development of v-AKI in the paediatric population.

Methodology 
The predefined protocol was registered with PROSPERO: International prospective register of systematic reviews [139459]. Three search engines were used: PubMed, Medline and Web of Science with the following search terms: [(AKI) OR (acute kidney injur*) OR nephrotoxic*) OR (renal injur*) OR (kidney injur*) OR (renal insufficiency) OR (kidney damage) OR (renal damage)] AND [(vancomycin) OR vancocin)] AND [(paediatric*) OR (pediatric*) OR (child*) OR (infan*) OR (adolescen*) OR (neonat*)]. Further eligible studies were not selected from reference lists as the initial search return was already extensive. 

Inclusion/exclusion criteria
The inclusion criteria were: paediatric patient population, intervention with vancomycin, comparison with other patients receiving vancomycin, AKI as an outcome, and primary evidence only. The definition of AKI was using either the kidney disease improving global outcomes (KDIGO) and/or paediatric risk, injury, failure, loss, end-stage (pRIFLE) criteria (13, 14). Included studies were free full-text papers accessible through the University of Liverpool, published after the year 2010 and written in English. The exclusion criteria were: studies involving an adult population, papers not including vancomycin monotherapy, and secondary research. 

Selection process
The initial search was conducted in November 2020 (CW), followed by a second independent search in December 2020 (CH). These same reviewers independently screened the titles and abstracts against the eligibility criteria. Any differences in allocation were resolved by a third reviewer (SM).

Data collection, quality assessment and statistical analysis
A data collection proforma was designed to collect the following information: year of publication, study design, study population, intervention, definition of AKI and outcomes. The quality of the data was assessed using the Critical Appraisal Skills Programme (CASP) checklist for cohort studies, providing a score out of 12 (15). The data were reported using descriptive statistics with study population data summarised using median value with range (age) and percentages (sex). Reported risk factors were defined as those found to be significantly associated with v-AKI in two or more studies. Those found to be significantly associated and reported only in one study, or insignificantly associated with v-AKI, were defined as “other risk factors” and reported in less detail. Individual study data was described as presented in the primary study. P-values of <0.05 and odds ratio (OR) or risk ratios (RR) with 95% confidence intervals (CI) that did not cross 1 were considered significant. 

Ethical approval 
This study was a systematic review of existing literature and therefore did not meet the criteria for needing ethical approval according to NHS Health Research Authority guidance. 

Results 
Data retrieved 
The process of identifying suitable studies is summarised in the PRISMA diagram (Figure 1). The primary literature search returned 890 potential studies. The second independent screen identified 2 additional papers producing a total of 25 papers for inclusion. 

The papers were published between 2011 and 2020. The study design included 23 retrospective cohort studies, and 2 case-control studies (16, 17). They were mostly single-centre studies (20/25) and took place in secondary and tertiary care hospital settings. 

Participants 
This study includes a total of 12,730 paediatric patients with a median age of 2.5 years (range 0-23), and 57% were male. There was missing age (17, 18) and gender data (19, 20) in two studies each. The median dose of vancomycin was 43.3mg/kg/day (range 14.9-60.0). Three papers did not report a dose (18, 19, 21). The main findings of the data are summarised in Table 1. 

Study quality 
The median CASP score for the 23 selected cohort studies was 10/12 (range 7-11/12), and for the 2 case-control studies the median score was 10/12 (range 9-11/12). The biggest variable was the application of the results to the local population as many of the papers looked at children belonging to specific populations, decreasing the generalizability of the results.

Incidence of v-AKI and identified risk factors
The systematic review demonstrated that the median incidence of v-AKI was 11.8% (16-40) (range 1.6-27.2) (22, 34). Six specific risk factors were reported by two or more papers to be statistically significantly associated with v-AKI and are described as follows. A summary can be found in Table 2. 

Dose of vancomycin
Ten studies had evaluated the dose of vancomycin. Two studies (20%), including 7,270 patients, found an association between the dose of vancomycin and v-AKI (16, 36). Eight studies (80% of papers retrieved; 1,136 patients) did not find an association (20, 25, 26, 28, 29, 31, 37, 38). In the study by Sinclair et al. (33), the odds of nephrotoxicity increased by 16% for every additional 5 mg/kg of vancomycin (OR = 1.11; 95% CI = 1.01-1.22) and patients who received ≥80mg/kg/day were 3.3 times more likely to develop AKI (36). 


Duration of treatment	
A total of 13 studies evaluated the duration of vancomycin treatment. Three studies (23% of relevant studies; 455 patients) found the duration of treatment to be a statistically significant risk factor for v-AKI (24, 28, 36). Ten studies (77% of relevant studies retrieved; 2,610 children) showed no association (18, 25, 29-31, 34, 35, 37-39). Cies et al. found the duration of vancomycin therapy to be an independent risk factor for AKI in the paediatric intensive care setting (OR = 1.19; 95% CI = 1.04-1.37) and therapy ≥7 days was associated with an increased risk of v-AKI (OR = 1.21; 95% CI = 1.001-1.21) (24). Similar findings were reported by Knoderer et al. (2015) with a v-AKI incidence of 12.6% in children who received vancomycin for ≥8 days; increasing to 52.4% in those with a treatment duration of ≥15 days (28). Sinclair et al. found that the odds of developing v-AKI increased with each additional day of treatment (OR = 1.11; 95% CI = 1.01-1.22) (36).

Vancomycin therapeutic levels
Twenty studies included this factor in their analysis. Nine studies, (45% of relevant studies; 1,940 children), found an association between vancomycin levels and v-AKI (17, 19, 21, 25, 29, 31, 32, 35, 38). Eleven studies (55% of relevant studies; 3,234 children) showed no association (16, 18, 20, 26, 28, 30, 32, 34, 36, 37, 39).  A final vancomycin trough concentration above the local threshold of ≥15 mg/L was reported to be an independent risk factor for v-AKI in children in several studies (19, 25, 29, 31, 38) and this was confirmed by Zhang et al in multivariate analysis (17). This finding was also described in patients on additional medications such as piperacillin-tazobactam (32) and in different subgroups of patients including children with cancer (OR = 17.83; 95% CI = 3.28-96.6) (35) and neonates on intensive care (21). 

Co-administration of a nephrotoxic medication
Twenty papers studied the use of concomitant nephrotoxic medications, mostly aminoglycosides, piperacillin-tazobactam (TZP), furosemide, amphotericin, acyclovir, and meropenem, and twelve (60% of relevant studies; 11,439 children) found an association with the incidence of v-AKI for at least one drug (18, 19, 24, 25, 27, 30, 31, 33, 34, 36-38). Eight studies (40% of relevant studies; 2,278 children) found no association for any drug (16, 17, 22, 28, 29, 32, 35, 39). Five papers (25% of all relevant studies; 8,077 children) found both positive and negative associations with different concomitant medications (25, 30, 33, 34, 38). In the study by Sinclair et al., receiving any concomitant nephrotoxic medication increased the risk of AKI (OR = 5.02; 95% CI = 1.09-23.19) (36). Totapally et al. found concomitant nephrotoxins to be a significant risk factor in the PICU setting (OR = 2.23; 95% CI = 1.27-3.93; p-value <0.01) (37).

The drugs that were most commonly associated with AKI when co-administered with vancomycin were loop diuretics (specifically furosemide reported OR range 2.6-24.8, (17, 18, 25, 31) or general loop diuretics reported OR 42.8, (30)), TZP (reported OR range 1.46-3.14, (33, 38)), and vasopressors (reported OR range 11.1-18.4, (19, 24, 30)) (Table 3).  Drugs found to be not associated with v-AKI in this systematic review included: contrast media (28-30), cyclosporine (17, 25, 34, 35, 38), tacrolimus (34, 35, 38), methotrexate (30, 33, 38) and vasoactive medications (16, 25, 30, 33).

Critically ill children
Four studies evaluated critically ill children and all four papers (100% of relevant studies; 1,709 children) found this population of patients to be at a statistically significantly increased risk of v-AKI (16, 29, 31, 34). Two papers found PICU was an independent risk factor for nephrotoxicity during vancomycin treatment ((OR = 2.91; 95% CI = 1.70-8.61; p-value <0.03; (34)) and (OR = 2.18; 95% CI = 1.20-2.94, (29))). McKamy et al. reported 99 children admitted to PICU and 22 (22.2%) developed nephrotoxic AKI (p-value <0.01) suggesting the incidence of v-AKI is increased in this population when compared to the overall incidence (31). 

Impaired renal function
Three papers assessed v-AKI in patients with impaired renal function. All three studies (100% of relevant studies; 425 children) found prior impaired renal function to be a risk factor for v-AKI (OR 1.9-8.8; p-value <0.05) (17, 37, 40). One paper found the opposite with a decreased risk of nephrotoxicity in cardiac intensive care patients who had an elevated baseline serum creatinine (OR = 0.009, 95% CI = 0.0002-0.29; p-value <0.01), however the authors concluded that this may have been due to inaccuracies in the baseline creatinine values of some patients due to fluid overload or poor nutritional status (16).

Other factors
Two papers considered v-AKI in post-operative paediatric cardiothoracic patients. One study (50% of relevant studies; 54 patients) found an increased incidence of v-AKI when compared to controls (23) and the other study (including 418 children) found no difference (16). 

With regards to neonates and infants, two studies evaluated the incidence and risk factors of v-AKI in this population. One study found a trough concentration of vancomycin >15 mg/L as a risk factor for v-AKI in a cohort of 110 neonates with a mean gestational age of 29 weeks. Interestingly the reported incidence of v-AKI in this group was low (2.7%) (21). The other study evaluated 182 neonates with a similar mean gestational age of 30 weeks and found no associated risk factors and a reported incidence of 8% (20). Another paper focused on children reported that age <1 year was found to be an independent risk factor for the development of late onset v-AKI (OR = 4.4; 95% CI = 1.3-15.4, p-value = 0.02) (28). 

Lastly, two papers considered extracorporeal membrane oxygenation (ECMO) as a risk factor for v-AKI. One study (50% of relevant studies; 418 children) found it was a statistically significant risk factor for the development of nephrotoxicity (OR 14.4, 95% CI = 1.02–203; p-value = 0.048) (16). However, another study in 113 children found no significant effect of ECMO upon the incidence of v-AKI (24).

Discussion
This systematic review investigated the incidence, and risk factors involved in the development of v-AKI in the paediatric population. Following a robust search of the literature, 25 studies, including a total cohort of >12,000 children, were included. These studies report a median incidence of v-AKI of 11.8% (range 1.6-27.2%), an incidence comparable to studies performed in adult populations (6, 41, 42). Overall rates of AKI in non-critically ill children are reported to be >5% and in critically ill children the incidence is approximately 27% (43, 44).  This systematic review suggests that vancomycin contributes to AKI in children, although the strength of the contribution may be modest. The epidemiology of AKI has changed over time with nephrotoxic agents becoming a leading cause, especially in hospitalised patients. Long term follow up data suggest that repeated episodes of AKI may lead to an increased risk of later chronic kidney disease (CKD) (45). It is especially important to consider v-AKI in children as it may result in a lifetime of increased CKD risk for them, and they have distinct differences in terms of drug handling when compared to adults (2). 

Despite the heterogenous nature of the studies included, this systematic review has identified risk factors believed to be associated with the onset of v-AKI in children. These can be summarised into two key themes, factors associated with drug administration and those relating to the patient population. Potential drug administration factors associated with v-AKI include increased serum trough vancomycin concentrations and the use of concomitant nephrotoxic medications, with less evidence to support an independent effect of increased dose and duration of treatment. Population factors include critically ill children (those admitted to PICU, NICU and/or patients undergoing cardiothoracic surgery) and those with prior impaired renal function.
 
Studies in the adult population report similar vancomycin administration factors (46-48) and patient population factors (48).  This study can be used to guide practical solutions that may reduce the incidence of v-AKI in the paediatric setting. These include regular monitoring of renal function, therapeutic drug level monitoring with dose adjustment to maintain these within an acceptable therapeutic range, avoiding the use of additional nephrotoxic agents such as diuretics and/or amphotericin (when possible), and awareness of high risk populations (PICU, NICU, post cardiac surgery or prior renal impairment). It may be appropriate to consider the use of alternatives antibiotic agents if there are additional risk factors. Previous single centre studies have demonstrated success in using a targeted preventative approach, such as the Nephrotoxic Injury Negated by Just in Time Action (NINJA) program where early intervention resulted in a 38% reduction of nephrotoxic medication exposure and a 62% reduction in nephrotoxin-associated AKI (49).  Due to the cost of v-AKI to the patient and the healthcare system, improved awareness and recognition of v-AKI in the paediatric population are needed and there is an urgent need to actively incorporate multi-centre, multi-targeted prevention programmes into clinical care.  

Limitations and future direction
This systematic literature review has many limitations. Firstly, the papers included in the review were heterogenous, with differing populations of children who received differing doses of treatment. The papers included also used two different definitions to classify AKI (KDIGO and pRIFLE) and it was difficult to determine the severity of AKI within the individual cohorts and whether they stuck to the predetermined definitions. These factors also made it impossible to conduct a meta-analysis of the data. The included studies were mostly retrospective cohort studies and therefore contained many potential confounding factors. This may explain why some findings like the association with vasopressor agents but not vasoactive drugs were identified. Many of the studies had no control group and they looked at specific populations so the results may be less generalizable to all children receiving vancomycin.  Finally, it was noted that many of the studies excluded participants with previous AKI or established CKD or death during treatment and these may have been important subgroups to study. 

Conclusion
The incidence of v-AKI in children is high, especially considering it is iatrogenic. Identification of high-risk patients and defining safer ways to administer vancomycin is vital to reduce the incidence of v-AKI (50). Drug regimens should be personalised according to the presence of individual risk factors, concomitant nephrotoxins and continually assessed throughout treatment. Well-conducted, multi-centre, prospective studies are required to assess the impact of interventions to reduce the incidence of v-AKI and to better understand its long-term impact.
 What is already known on this topic?
· Vancomycin is a recognised cause of acute kidney injury (AKI).
· Mechanisms of vancomycin-associated AKI are poorly understood.
· Increasing bacterial resistance to vancomycin is potentially leading to the use of increased doses, longer treatment, and more frequent use of concomitant medications.
What this study adds
· The median reported incidence of vancomycin-induced nephrotoxicity in children is 11.8% and similar to adult studies.
· Vancomycin should be administered with caution and according to patient risk factors. 
· Identification of patients at increased risk of v-AKI and discovering safer ways to administer vancomycin may reduce the incidence of v-AKI.
· 
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Figure Legends and Tables

Figure 1 | A PRIMSA Flow Diagram summarising the process of screening and selection
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	Table 1 | A summary results table for the studies included in the systematic review

	[bookmark: _Hlk534715689]Author 
	Year
	Type of study
	Study population & setting
	Intervention details
	Definition of kidney injury
	Incidence of v-AKI
	Result

	Al Nuhait et al. (22)
	2018
	Single centre retrospective cohort 
	N=248, 54.0% male, median age of 5 years (IQR 2-7), paediatric tertiary care hospital. Neonates were excluded. 
	Vancomycin monotherapy or concomitant therapy. Vancomycin duration of treatment ≥48 hours. Mean dose was 45.8mg/kg/day.
	KDIGO
	1.6%
	There was no increased risk of AKI in those receiving concomitant therapy versus vancomycin monotherapy. 

	Benefield et al.(23) 
	2016
	Single centre retrospective cohort 
	N=54, 55.6% male, mean age 1.1 years in a paediatric tertiary care hospital. Patients who had prior cardiothoracic surgery or not. 
	Mean dose of vancomycin was 19.9mg/kg/day.
	pRIFLE
	25.9%
	All patients with v-AKI had prior cardiothoracic surgery. No other risk factors were identified. 

	Bhargava et al.(21) 
	2017
	Single centre retrospective cohort
	N=110 neonates, 52.7% male, mean gestational age (±SD) was 29 (±5) weeks, neonatal intensive care unit. 
	Vancomycin duration of treatment 5 days.a
	pRIFLE
	2.7%
	A trough concentration of >15mg/L was a risk factor for v-AKI.

	Bonazza et al.(18) 
	2016
	Single centre retrospective cohort
	N=265 children on a paediatric intensive care unit, 58.5% male.b
	n/aa
	pRIFLE
	23.4%
	Risk factors identified included treatment for >5 days, a trough concentration >20mg/L and use of >1 nephrotoxic medication.

	Cies et al.(24) 
	2013
	Single centre retrospective cohort 
	N=113 children on a paediatric intensive care unit, 60.2% male, median age of 2 years (range 0.08-23) 
	Mean dose of vancomycin was 56.8mg/kg/day.
	KDIGO
	7.1%
	Duration of therapy and concomitant vasopressor use were risk factors for nephrotoxicity.

	Feiten et al.(25)
	2019
	Single centre retrospective cohort 
	N=110 children on a paediatric intensive care unit, 53.6% male, median age 15.5 months (IQR 6.00-70.25).
	Median initial daily dose of vancomycin was 57.7mg/kg with a median treatment duration of 12 days.
	pRIFLE
	11.8%
	Identified risk factors included frequency of vancomycin dose, increased trough levels and use of furosemide or amphotericin.

	Geerlof et al.(26) 
	2014
	Single centre observational retrospective cohort
	N=102 children, 60.8% male, mean age 6.2 years (range 6 months-17 years) in a paediatric tertiary care hospital.
	Mean daily dose of vancomycin was 54.9mg/kg.
	KDIGO
	6.9%
	Dose did not appear to be a risk factor for nephrotoxicity. 

	Hundeshagen et al.(27) 
	2017
	Multicentre retrospective cohort
	N=472 children, 62.7% male, mean age 7.3 years, paediatric burns unit.
	Vancomycin alone (V), or with imipenem-cilastin (V/IC) or piperacillin-tazobactam (V/PT) for at least 48 hours. Initial starting dose was 15mg/kg every 6 hours.
	KDIGO
	3.8%
	The children receiving concomitant vancomycin and piperacillin-tazobactam made up all stage 3 paediatric AKI cases. 

	Knoderer et al.(29) 
	2014
	Single centre retrospective cohort 
	N=859 children, 54.1% male, median age 2.5 years (IQR 1-9).d
	Mean vancomycin dose was 44.4mg/kg/day and treatment duration >72 hours.
	pRIFLE
	19.4%
	PICU admission and an initial trough concentration of ≥15µg/ml were associated with an increased risk of AKI. 

	Knoderer et al.(28) 
	2015
	Single centre retrospective cohort
	N=167 children, 56.3% male, median age 1.5 years (IQR 0.09-6.25), neonates excluded.d
	Vancomycin duration >8 days, mean dose of vancomycin of 42.2mg/kg/day.
	pRIFLE 
	12.6%
	The only significant risk factor identified was age <1 year. 

	Matson et al.(30) 
	2015
	Multicentre retrospective cohort
	N=316 children, 50.9% male, mean age 6.8 years, two paediatric tertiary care hospitals. Neonates admitted to the neonatal intensive care unit were excluded.
	Mean starting dose of vancomycin was 47.2mg/kg/day.
	KDIGO
	22.7%
	Concomitant loop diuretics, vasopressors, NSAIDs and ACE-inhibitors were all significant risk factors for nephrotoxicity.

	McKamy et al.(31) 
	2011
	Multicentre retrospective cohort 
	N=167 children including 6 term neonates, 53.9% male, mean age 6.7 years, community-based paediatric tertiary care hospital. Any premature infants and neonates admitted to the neonatal intensive care unit were excluded.
	Mean vancomycin dose was 49.5mg/kg/day.
	KDIGO
	14.4%
	The main risk factors identified were high vancomycin trough concentration, concomitant treatment with furosemide and PICU admission.

	McNeil et al.(19)
	2016
	Single centre retrospective cohort 
	N=341 children including 82 with a history of prematurity, median age 20.4 months (IQR 1.2-115.7), paediatric tertiary care hospital.c 
	n/aa
	KDIGO
	14.9%
	Risk factors independently associated with AKI were a trough concentration >15µg/mL and concomitant use of vasopressors or aminoglycosides. 

	McQueen et al.(32) 
	2016
	Single centre retrospective cohort 
	N=185 children, 59.5% male, mean age of 5.7 years, paediatric tertiary care hospital.
	Patients were treated with vancomycin alone, or concomitant piperacillin-tazobactam for ≥48 hours. Mean vancomycin dose was 50kg/kg/day.
	KDIGO
	3.8% (vancomycin alone), 23.6% (vancomycin and TZP)
	The only other risk factor identified was for the combination group which was higher trough concentration of vancomycin. 

	Moffett et al.(16) 
	2015
	Single centre case-control 
	N=418 children on cardiac ICU including 83 neonates, 57.8% male, median age 181 days (range 2 days to 17.9 years), paediatric tertiary care hospital.
	>1 dose of vancomycin, mean dose was 36.1mg/kg/day.
	KDIGO
	7.2%
	Extracorporeal membrane oxygenation was associated with an increased risk of v-AKI.

	Moffett et al.(33) 
	2018
	Single centre retrospective cohort 
	N=7,095 children including 674 neonates, 55.4% male, median age 4.1 years (IQR 0.67-11.2 years), paediatric tertiary care hospital.
	Mean dose of vancomycin was 14.9mg/kg/day. Most (81.3%) received this for ≤72h.
	KDIGO
	12.1%
	Several risk factors were identified, including total dose, ICU admission, and concomitant medication (including nafcillin, clindamycin, and acetazolamide). 

	Ragab et al.(34) 
	2013
	Single centre retrospective cohort 
	N=265 children excluding neonates and infants, 49.1% male, mean age 1.9 years, community secondary care hospital.
	Vancomycin treatment was for >48 hours with mean dose of 41.8mg/kg/day.
	KDIGO
	27.2%
	AKI was associated with concomitant aminoglycoside administration and admission to intensive care. 

	Reilly et al.(20) 
	2019
	Single centre retrospective cohort
	N=182 neonates with mean postmenstrual age (±SD) was 30.5 (±4.5) weeks, in the neonatal intensive care unit.c 
	Mean dose of vancomycin was 37.5mg/kg/day.
	KDIGO
	8.0%
	No difference between vancomycin regimes. 

	Seixas et al.(35) 
	2015
	Single centre observational cohort (mixed prospective and retrospective)
	N=94 critically ill children with cancer, 61.7% male, median age 7.3 years (IQR 3.7-10.9), in a paediatric intensive care unit. 
	Mean vancomycin dose was 59.2mg/kg/day.
	KDIGO
	22.3%
	A trough concentration of ≥20µg/mL was a significant risk factor for AKI.

	Sinclair et al.(36) 
	2014
	Single centre retrospective cohort 
	N=175 children, 57.1% male, median age 5.2 years (IQR 2.1-11.25), in a paediatric tertiary care hospital.
	Mean dose was 60.0mg/kg/day and treatment duration >48 hours.
	pRIFLE
	13.7%
	AKI risk increased with every 5mg/kg increase in dose, each additional day of treatment and concomitant nephrotoxic medications. 

	Totapally et al.(37) 
	2013
	Single centre retrospective chart 
	N=284 children, 59.0% male, median age 2.2 years (IQR 0.24-7.57), in a paediatric tertiary care hospital.
	Mean dose of vancomycin was 25.8mg/kg/day.
	pRIFLE
	17.2%
	Administration of other nephrotoxic drugs as well as a high BUN:SCr before therapy were both identified as risk factors for v-AKI.

	Woldu et al.(38) 

	2017
	Single centre retrospective cohort 
	N=291 children, 61.5% male, mean age 6.6 years, in a paediatric tertiary care hospital.
	Mean dose of vancomycin was 16.8mg/kg/day.
	KDIGO
	6.5%
	The risk of developing AKI was increased by a final trough concentration of ≥15mg/dL and added piperacillin-tazobactam. 

	Zhang et al. (17)
	2020
	Multicentre retrospective case-control
	N= 124 children, 57.3% male, aged 0-14 years, in two tertiary care hospitals.b
	Mean dose of vancomycin was 41.3mg/kg/day for >4 days.
	pRIFLE
	8.0%
	Nephrotoxicity was associated with furosemide use, moderate baseline kidney insufficiency and a trough concentration 15g/ml. 

	Zhang et al.(40) 
	2016
	Single centre retrospective cohort
	N=110 children including 4 neonates, 67.3% male, median age 5.8 months (range 1.1-24.0 months), in a paediatric tertiary care hospital. 
	Median dose of vancomycin was 39.5mg/kg/day, treatment duration ≥48 hours.
	KDIGO
	4.5%
	The risk was increased in children who had a moderately impaired baseline creatinine clearance. 

	Zhang et al.(39)
	2018
	Multicentre retrospective cohort 
	N=183 children, 61.2% male, median age 41.4 months (IQR 7.4-69.3 months), in two tertiary care hospitals. 
	Median vancomycin dose was 40.0mg/kg/day with a median duration of 28 days.
	KDIGO
	10.7%
	Increased trough concentration was a risk factor for v-AKI in the group treated with concomitant meropenem. 


a Dose of vancomycin was not specified.
b No mean or median age was available.
c Data on sex was not available.
dData on setting was not available. 





Table 2 | An overview of the potential risk factors identified in this systematic review.
	Risk factor
	Number of studies showing a positive association (% total studies identifying this potential risk factor)
	Number of studies showing a negative/no association (% total studies identifying this potential risk factor)

	Dose of vancomycin
	2 (20)
	8 (80)

	Duration of treatment
	3 (23)
	10 (77)

	Vancomycin therapeutic levels
	9 (45)
	11 (55)

	Co-administration of a nephrotoxic medication
	12 (60)
	8 (40)

	Critically ill children
	4 (100)
	0 (0)

	Impaired renal function
	3 (100)
	0 (0)

	Post cardiac surgery
	1 (50)
	1 (50)

	Neonates and infants
	1 (50)
	1 (50)

	Extracorporeal membrane oxygenation (ECMO)
	1 (50)
	1 (50)





Table 3 | Drugs found to be significantly associated with an increased risk of vancomycin-associated AKI by at least one study
	Drug
	Papers with significant findings
	Result
	Papers showing no association

	Furosemide
	Zhang et al. (17)
	OR = 24.8; CI = 6.4-98.2; p-value 0.000
	Moffett et al. (2015) (16)
Moffett et al. (2018) (33)
Ragab et al. (34)
Seixas et al. (35)
Woldu et al. (38)
Zhang et al. (2019) (39)

	
	McKamy et al. (31)
	OR = 9.45; CI = 3.44-26.00; p-value < 0.01
	

	
	Bonazza et al. (18)
	OR 3.52, 95% CI = 1.88-6.62; p-value <0.01
	

	
	Feiten et al. (25)
	OR = 2.563; 95% CI = 1.377-4.769; p-value <0.01
	

	All Loop-diuretics
	Matson et al. (30)
	OR = 42.8; p-value <0.01
	n/a

	Piperacillin-Tazobactam (TZP)
	Woldu et al. (38)
	OR = 3.14; 95% CI = 1.02-9.6; p-value = 0.046
	Al Nuhait et al. (22)
Feiten et al. (25)
Zhang et al. (2020) (17)

	
	Hundeshagen et al. (27)
	KDIGO stage 3 AKI was higher in the V/TZP group (2%) than in the V group (0%; p-value <0.05)
	

	
	Moffett et al. (2018) (33)
	OR = 1.46; 95% CI = 1.16–1.84; p-value = 0.001
	

	
	McQueen et al. (32)
	Nephrotoxicity developed in 3/79 patients (3.8%) in the vancomycin group and in 25/106 patients (23.6%) on combination therapy with TZP (p-value = 0.0001)
	

	Vasopressors
	Cies et al. (24)
	OR = 11.1; 95% CI = 1.4-85; p-value = 0.011
	n/a

	
	Matson et al. (30)
	OR = 18.4; p-value = 0.02
	

	
	McNeil et al. (19)
	4/13 (30.8%) of children with AKI had concomitant vasopressor use compared to 5/94 (5.3%) of children without AKI (p-value = 0.01)
	












