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Abstract

Background

Vancomycin is a standard treatment for methicillin-resistant Staphylococcus aureus

(MRSA) bacteremia, and its efficacy is closely linked to the recommended serum trough

concentration of 15–20 mg/L. However, it is unknown how the pre-dialysis trough serum

concentration (Cpre-HD) correlates with MRSA eradication in renal failure patients undergo-

ing intermittent hemodialysis (HD).

Objective

To evaluate the relationship between Cpre-HD and the treatment outcomes in this population.

Materials and methods

A retrospective study was conducted to enroll renal failure patients undergoing HD who had

received vancomycin treatment for MRSA bacteremia during January 2013 to June 2016.

Treatment failure was defined as persistent bacteremia after� 7 days of vancomycin ther-

apy or recurrent MRSA infection within 30 days. Patient characteristics, vancomycin dosing

regimen, Cpre-HD, vancomycin minimum inhibitory concentration (MIC), and subsequent cul-

ture data were reviewed. The receiver operating characteristic (ROC) curve was used to

find the optimal cut-off point of Cpre-HD.

Results

42 patients were enrolled and 64% had treatment failure. Although there were no significant

differences in demographics or Cpre-HD between the two groups, Cpre-HD/MIC was signifi-

cantly higher in the success group than that in the failure group (22.80±10.90 vs. 14.94

±6.11, p = 0.019). The area under the ROC curve was 0.74, while the sensitivity, specificity,
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positive predictive value, and negative predictive value were 67%, 78%, 62.5%, and 81%,

respectively, at the optimal Cpre-HD/MIC of≧ 18.6.

Conclusions

Cpre-HD/MIC was associated with vancomycin treatment outcome in MRSA bacteremia, and

targeting to achieve a Cpre-HD/MIC of≧ 18.6 may improve treatment outcomes in renal fail-

ure patients who are on intermittent HD.

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a common pathogen which causes

infections, especially among patients who undergo dialysis.[1] Vancomycin is an antibiotic

glycopeptide which kills bacteria by inhibiting cell wall synthesis, and it is the first line treat-

ment for MRSA infection if minimum inhibitory concentration (MIC) is lower than 1 mg/L

[2]. The clinical efficacy of vancomycin is best predicted by the area under the curve over 24

hours (AUC24) to the MIC ratio, and a target AUC24/MIC ratio of� 400 is recommended by

the Infectious Diseases Society of America (IDSA) Practice Guideline[2–4]. The trough serum

concentration (Ctrough) of vancomycin is recommended as a surrogate for the AUC24 and

should be maintained between 15–20 mg/L to achieve an AUC24/MIC� 400 when MIC is� 1

mg/L[2, 5]. However, among previous studies that investigated the association between vanco-

mycin AUC24/MIC or Ctrough and treatment outcome, few examined renal failure patients

who received renal replacement therapy such as hemodialysis (HD)[3, 4, 6, 7]. The immune

function was changed in renal failure patients, which may affect treatment outcome than that

in general population.[8] Therefore, the AUC24/MIC or Ctrough target may be different in this

vulnerable population. As a result, current vancomycin dosing regimen for HD patients relies

mainly on extrapolation or modeling.[9] Although pre- or post-HD serum concentration

monitoring has been adopted as a common clinical practice for years in vancomycin-treated

patients with renal failure under HD, the best time of sampling remains controversial[10].

Moreover, previous studies all focused on developing specific dosing protocols in renal failure

patients to achieve the target vancomycin serum concentration of 10–20 mg/L[11–15]. None-

theless, evidence is still lacking to show any correlation between pre-dialysis vancomycin

trough serum concentration (Cpre-HD) and the clinical outcomes in this patient population.

Our aim is to investigate the relationship between Cpre-HD and treatment outcomes of MRSA

bacteremia in patients undergoing HD.

Materials and methods

This retrospective study was conducted in the National Taiwan University Hospital (NTUH),

which is a tertiary medical center with a 2600-bed capacity in northern Taiwan., and patients

profiles during January 2013 to June 2016 of the Integrated Medical Database (NTUH-iMD)

was used for patient enrollment. This study had been approved by the Research Ethics Com-

mittee of NTUH (201602044RINB). Adult patients (� 20 yrs) with chronic renal failure under-

going HD three times per week were included if they had documented MRSA bacteremia, and

received vancomycin treatment within 72 hours after the blood sample from which the MRSA

was first isolated. MRSA bacteremia was defined as at least one set of blood culture that was

collected when systemic inflammatory response syndrome was present and yielded MRSA.

Optimal ratio of predialysis vancomycin concentration to minimum inhibitory concentration for MRSA bacteremia
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Patients were excluded for missing Cpre-HD measurements during the treatment course, vanco-

mycin use less than a week, absence of following blood cultures collected after vancomycin

treatment, ever receiving other antibiotics for MRSA treatment (such as daptomycin, linezolid,

teicoplanin and tigecycline) within 7 days before vancomycin treatment, receiving continuous

renal replacement therapy (CRRT) during vancomycin treatment or daily urine output over

than 400 mL.

The dosing regimen of vancomycin for patients under HD in our institution was 15–20

mg/kg as a loading dose (LD), followed by 7–10 mg/kg after each HD as maintenance doses

(MD). The sampling time of Cpre-HD was within one hour before the third HD session since

giving one LD and two MD. The vancomycin serum concentrations were measured by a

chemiluminescent microparticle immunoassay (ARCHITECT i2000SR immunoassay ana-

lyzer, Abbott Laboratories, Abbott Park, Illinois, USA). The limit of detection (sensitivity) was

0.24 mg/L, and the coefficients of variation at 7.0, 35.0, and 75.0 mg/L were< 5%. For hemodi-

alysis, the blood and dialysate flow rates were set at 200 and 500 mL/min, respectively. The

dialysis lasted 4 hour each time and the dialyzers used were F6HPS, FX60, FX80, or FX100 by

nephrologist’s decision (Fresenius Medical Care, Bad Homburg, Germany).

A standardized case report form was used to collected data including demographic charac-

teristics (sex, age, height, and weight), the Charlson Comorbidity Index (CCI) and underlying

diseases, sources and sites of infection (based on medical records and culture sampling sites),

subsequent blood cultures results, immunosuppressant usage (i.e. prednisolone� 10mg/day

or other corticosteroids of equivalent potency, calcineurin inhibitors, mechanistic target of

rapamycin (mTOR) inhibitors, azathioprine, and mycophenolate mofetil), catheterization,

catheter removal, vancomycin doses and duration of treatment, Cpre-HD, MIC of vancomycin

for MRSA, concurrent antibiotics usage, shock status (use of vasopressors or inotropics), and

30-day mortality. The MIC of vancomycin for the first isolate was determined by the broth

microdilution method according to the Guidelines of the Clinical and Laboratory Standards

Institute (CLSI) except for two MIC of vancomycin that was determined by E-test according

to the manufacturer’s instruction.[16] Because AUC24 and Cpre-HD are highly correlated in

patients receiving HD, we calculate Cpre-HD/MIC as a surrogate of AUC24/MIC to evaluate its

effect on treating MRSA bacteremia.[9]

Treatment failure was defined as persistent bacteremia after� 7 days of vancomycin treat-

ment, or recurrent MRSA infection within 30 days after the first negative conversion of blood

culture.[2]

Data were described as mean ± standard deviation or number with percentage. The two-

tailed independent t test was used for continuous data, and either Chi-square or Fisher’s exact

test was used for categorical data. A p-value of 0.05 or lower was considered statistically signifi-

cant. The receiver operating characteristic (ROC) curve was used to determine the optimal

cut-off point of Cpre-HD/MIC, which had the maximum Youden index. The statistical analysis

was performed by SPSS 18 (SPSS Inc, Chicago, Illinois, USA).

Results

Sixty-five HD patients who received vancomycin due to MRSA bacteremia were initially

enrolled. Twenty-three patients were excluded for lacking following blood culture collected

(n = 8), missing pre-dialysis serum level data (n = 3), using other antibiotics within 7 days

before vancomycin treatment (n = 7), or receiving CRRT (n = 5) during vancomycin treat-

ment. Forty-two patients were available for the final analysis.

Fifteen patients (36%) were successfully treated, and the other 27 were classified as treat-

ment failure (64%). In the treatment failure group, 25 patients had persistent bacteremia, and
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2 had recurrent MRSA infection, which two weeks course of antibiotics was completed before.

Although there were no significant differences in baseline demographics, underlying disease,

sources of bacteremia, or vancomycin regimens between the success and failure group, more

patients received immunosuppressants in treatment failure group (Table 1). Catheters were all

removed in both groups after confirming it as infection source. Cpre-HD values were not signifi-

cantly different between the success and failure groups (17.40 ± 4.55 vs. 15.22 ± 4.24 mg/L,

p = 0.139) (Table 2). However, Cpre-HD/MIC was significantly higher in the success group com-

pared to that of the failure group (22.80 ± 10.90 vs. 14.94 ± 6.11, p = 0.019). There was also no

significant difference in 30-day mortalities between the success and failure groups (11% vs

19%, p = 0.666).

In the treatment failure group, the antibiotic agent was switched from vancomycin to dap-

tomycin in 16 patients and linezolid in 1 patient based on physicians’ judgement and clinical

situations. MRSA was eventually eradicated in 12 of the 16 patients, and 7 of them had negative

blood culture within 7 days of daptomycin treatment. Only two patients failed to achieve

blood culture conversion under daptomycin, and 2 patients did not have subsequent blood

culture collected after daptomycin use.

The prediction power of Cpre-HD/MIC for treatment outcome was evaluated using the ROC

curve analysis. The optimal cut-off value of Cpre-HD/MIC was 18.6, with the sensitivity of 67%

and the specificity of 78%. The area under the ROC curve was 0.74 (95% confidence interval:

0.58–0.90, p = 0.011) (Fig 1), and the positive predictive value and negative predictive value

were 62.5% and 81%, respectively.

Discussion

This is the first study known to the authors focusing on the correlation between the Cpre-HD of

vancomycin and the treatment outcomes for MRSA bacteremia in dialysis patients. The rela-

tionship between vancomycin Ctrough, AUC24/MIC, and the clinical outcomes for MRSA infec-

tion has been well studied in the general population, and that Ctrough of 15 mg/L or higher,

corresponded to the AUC24/MIC > 400, was recommended by the IDSA guideline[2–7, 17,

18]. This standard was extrapolated for patients who received renal replacement therapy in

clinical practice without adequate studies to explore the correlation between this target con-

centration and treatment outcome in this particular patient population. Until now, all relevant

studies were designed to test if the dosing strategies would achieve the target Cpre-HD of 15–20

mg/L in patients who were on intermittent HD[12, 14]. However, it has not been demon-

strated whether the specific target Cpre-HD can be translated into good clinical outcomes.

According to the results of our study, the success and failure groups did not have significant

differences in the mean Cpre-HD as well as the proportion of patients with the Cpre-HD > 15

mg/L. However, after taking MIC into consideration, Cpre-HD/MIC was significantly higher

in the success group than that in failure group. Moreover, the ROC curve analysis suggested

Cpre-HD/MIC≧18.6 as an outcome predictor for treating MRSA bacteremia. Our data were

also compatible with previous recommendations that the target level of vancomycin Cpre-HD

should be 15–20 mg/L for a MIC of 1 mg/L[9]. As for the MIC distribution, around 70% of

MRSA had vancomycin MIC value of 1 mg/L and pathogens with high MIC value (>1.5 mg/L)

were almost distributed in treatment failure group, which was compatible with previous studies

that high MIC level was a predict factor for poor treatment outcome.[19] However, it is difficult

to distinguish to what degree is the failure caused by not attaining the PK/PD target and to what

degree the higher MIC caused failure. Therefore, we excluded patients who suffered from path-

ogens with high MIC value (>1.5 mg/L), and the Cpre-HD/MIC was still significantly higher

in treatment success group than that in failure group (24.07 vs. 16.92, p = 0.04). This result
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Table 1. Clinical characteristics and vancomycin dose, classified by vancomycin treatment outcomes.

Total patients (N = 42) Success group (N = 15) Failure group (N = 27) p value

Age 69.00 ± 14.81 71.80 ± 13.23 67.44 ± 15.63 0.346

Height (cm) (mean ± standard deviation) 159.57 ± 8.10 160.09 ± 6.83 159.29 ± 8.84 0.747

Weight (kg) (mean ± standard deviation) 56.23 ± 9.597 59.25 ± 9.66 54.55 ± 9.32 0.137

Male sex 20 (48) 5 (33) 15 (56) 0.209

Underlying disease

Charlson Comorbidity Index (mean ± SD) 4.71 ± 2.04 4.53 ± 1.51 4.81 ± 2.30 0.636

Cardiovascular disease 28 (67) 12 (80) 16 (59) 0.306

Chronic liver disease 4 (10) 2 (13) 2 (7) 0.608

Diabetes mellitus 21 (50) 8 (53) 13 (48) 1.000

Malignancy 5 (12) 0 (0) 5 (19) 0.142

Neurological disease 9 (21) 2 (13) 7 (26) 0.451

Peptic ulcer disease 14 (33) 5 (33) 9 (33) 1.000

Connective tissue disease 1 (2) 0 (0) 1 (4) 1.000

Neutropenia 0 (0) 0 (0) 0 (0)

Septic shock 14 (33) 5 (33) 9 (33) 1.000

Polymicrobial bacteremia 11 (26) 3 (20) 8 (30) 0.717

Acinetobacter baumannii 2 (5) 1 (7) 1 (4)

Burkholderia cepacia complex 1 (2) 1 (7) 0 (0)

Enterococcus faecalis 2 (5) 1 (7) 1 (4)

Enterococcus faecium 1 (2) 0 (0) 1 (4)

Escherichia coli 3 (7) 1 (7) 2 (7)

Klebsiella pneumoniae 3 (7) 0 (0) 3 (11)

Pseudomonas aeruginosa 1 (2) 0 (0) 1 (4)

Serratia marcescens 1 (2) 1 (7) 0 (0)

Stenotrophomonas maltophilia 1 (2) 0 (0) 1 (4)

Immunosuppressants use 6 (14) 0 (0) 6 (22) 0.056

MRSA bacteremia source 0.981

Bone and joint 0 (0) 0 (0) 0 (0)

Catheter-related 11 (26) 4 (27) 7 (26)

Endocarditis 2 (5) 0 (0) 2 (7)

Pneumonia 6 (14) 2 (13) 4 (15)

Surgical wound or skin and soft tissue 6 (14) 2 (13) 4 (15)

Unknown 17 (41) 7 (47) 10 (37)

Vancomycin MIC (mg/L) (mean ± SD) 0.075

< 0.5 7 (16) 5 (33) 2 (7)

1 29 (69) 9 (60) 20 (74)

1.5 2 (5) 1 (7) 1 (4)

2 4 (10) 0 (0) 4 (15)

Concurrent antibiotics 31 (74) 10 (67) 21 (78) 0.481

Penicillin group 6 (14) 2 (13) 4 (15)

Cephalosporin group 24 (57) 6 (40) 18 (67)

Carbapenem group 8 (19) 1 (7) 7 (26)

Fluoroquinolone 1 (2) 0 (0) 1 (4)

Trimethoprim/sulfamethoxazole 3 (7) 2 (13) 1 (4)

Aminoglycoside 1 (2) 0 (0) 1 (4)

Colistin 1 (2) 0 (0) 1 (4)

Antifungal agents 1 (2) 0 (0) 1 (4)

(Continued)
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demonstrated that attaining the optimal Cpre-HD/MIC was important for treatment outcome of

MRSA bacteremia in this population. Because vancomycin MIC crept in MRSA, which had

high percentage of vancomycin MIC of 1 mg/L, and nephrotoxicity is generally not an issue in

patients receiving HD, the aggressive vancomycin dosing strategy to achieve Cpre-HD≧18.6 mg/

L should be adopted before confirming MIC data[20].

Compared with a similarly designed study of vancomycin treatment in non-dialysis patients

with MRSA bacteremia, the treatment success rate in this study was much lower (36% vs.

67.5%) despite of similar Charlson Comorbidity Index[4]. Two factors may explain the differ-

ence. First, the immune function is depressed in patients with renal failure. Functional abnor-

malities of monocytes, lymphocytes, neutrophils, and dendritic cells are directly linked with

infection risk and treatment failure in this patient population.[8] Second, the formation of bac-

terial biofilm in dialysis patients may contribute to the high treatment failure rate. Staphylococ-
cus aureus is the most common gram-positive organism involving in biofilm infection in

dialysis patients [21, 22]. Some studies revealed that dialysis-related biofilm infections are diffi-

cult to eradicate as they developed antibiotic resistance[23–25]. Vancomycin has poor penetra-

tion into biofilm compared with daptomycin, and it is reasonable that the patients responded

to daptomycin treatment in this study after vancomycin treatment failure.[26] Further studies

are necessary to determine if daptomycin has better treatment effect than vancomycin in dialy-

sis patients.

A multivariate analysis was performed by logistic regression. The covariates such as Cpre-

HD/MIC, Charlson Comorbidity Index, polymicrobial bacteremia, concurrent antibiotic use

and septic shock were put into regression model, and found that Cpre-HD/MIC was still the

only significant variables to affect treatment outcome (OR:1.14, p = 0.013). Although more

patients received immunosuppressants in treatment failure group than that in success group

and this may confound our result, it did not put into regression model due to the extremely

unbalanced distribution that patients received immunosuppressants all belonged to treatment

failure group. Therefore, we tried to exclude these subjects and found that Cpre-HD/MIC was

still significantly different between the two groups (p = 0.035). This may further increase the

Table 1. (Continued)

Total patients (N = 42) Success group (N = 15) Failure group (N = 27) p value

Antiviral agents 2 (5) 0 (0) 2 (7)

SD: standard deviation. MRSA: methicillin-resistant Staphylococcus aureus.

https://doi.org/10.1371/journal.pone.0193585.t001

Table 2. Vancomycin dosing profile, serum concentrations, and 30-day mortalities in total, success, and failure groups.

Total patients (N = 42) Success group (N = 15) Failure group (N = 27) p value

Vancomycin dosage

Loading dose (mg/kg) (mean ± SD) 17.95±5.97 17.29±4.02 18.32±6.86 0.546

Maintenance dose (mg/kg) (mean ± SD) 8.54±1.71 8.55±2.15 8.54±1.45 0.992

Cpre-HD (mean ± SD) 16.00±4.43 17.40±4.55 15.22±4.24 0.139

� 15 mg/L 26 (62) 11 (73) 15 (56) 0.330

Cpre-HD/MIC ratio (mean ± SD) 17.75±8.88 22.80±10.90 14.94±6.11 0.019�

� 18.6 16 (38) 10 (67) 6 (22) 0.008�

30-days mortality 7(17) 2(13) 5(19) 1.000

SD: standard deviation. Cpre-HD: pre-dialysis trough serum concentration. MIC: minimum inhibitory concentration.

� p<0.05

https://doi.org/10.1371/journal.pone.0193585.t002
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strength of our conclusion that Cpre-HD/MIC was a predictor for treatment outcome of MRSA

bacteremia in renal failure patients receiving HD.

Based on our vancomycin dosing protocol for patients receiving HD three times per week,

the proportion of Cpre-HD ≧ 18.6 mg/L was only 21%, which may have contributed to the rela-

tively high rate of treatment failure. One possible cause for this low proportion of therapeutic

Cpre-HD was that the loading dose used in the present study (<20 mg/kg) was too low. Vande-

casteele et al. showed that a fixed loading dose of 20 mg/kg led to Cpre-HD� 15 mg/L in only

one-half of patients[9], supporting that a higher loading dose should be applied in order to

achieve the optimal therapeutic Cpre-HD.

Fig 1. The receiver operating characteristic (ROC) curve of the Cpre-HD/MIC at the cut-off value of 18.6 for the prediction of treatment

outcomes. CI: confidence interval.

https://doi.org/10.1371/journal.pone.0193585.g001
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There are several limitations of our study. First, the sample size was quite small in this study

because of the low MRSA prevalence rate and MIC report has been available since 2013 in our

institution. Further large prospective study is needed to confirm the treatment target provided

by this study. Second, we only enrolled patients undergoing HD; this result may not apply to

patients receiving other renal replacement therapy, such as peritoneal dialysis. Third, this was

a retrospective study, and thus was not controlled for some confounding factors. Finally, over-

weight and obese patients were not represented in this study. Therefore, the result may not

apply to this special population.

Conclusions

We showed that Cpre-HD/MIC was associated with the outcome of vancomycin treatment in

dialysis patients with MRSA bacteremia. Targeting to achieve a Cpre-HD/MIC of ≧ 18.6 may

improve the treatment outcomes in renal failure patients who are on intermittent HD.

Supporting information

S1 File. Data set for analysis.

(XLS)

Acknowledgments

The authors acknowledge the staff of the Department of Medical Research, National Taiwan

University Hospital for the Integrated Medical Database (NTUH-iMD) and statistical assis-

tance provided by the the Department of Medical Research in National Taiwan University

Hospital and Dr. Chi-Chuan Wang in School of Pharmacy, College of Medicine, National Tai-

wan University.

Author Contributions

Conceptualization: Chien-Chih Wu.

Data curation: Chien-Fang Fu, Jiun-Da Huang.

Formal analysis: Chien-Fang Fu, Jiun-Da Huang.

Methodology: Jann-Tay Wang.

Resources: Shu-Wen Lin.

Supervision: Shu-Wen Lin, Chien-Chih Wu.

Writing – original draft: Chien-Fang Fu.

Writing – review & editing: Chien-Chih Wu.

References
1. Centers for Disease C, Prevention. Invasive methicillin-resistant Staphylococcus aureus infections

among dialysis patients—United States, 2005. MMWR Morb Mortal Wkly Rep. 2007; 56(9):197–9.

PMID: 17347644.

2. Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ, et al. Clinical practice guidelines by

the infectious diseases society of america for the treatment of methicillin-resistant Staphylococcus

aureus infections in adults and children. Clin Infect Dis. 2011; 52(3):e18–55. https://doi.org/10.1093/cid/

ciq146 PMID: 21208910.

3. Moise-Broder PA, Forrest A, Birmingham MC, Schentag JJ. Pharmacodynamics of vancomycin and

other antimicrobials in patients with Staphylococcus aureus lower respiratory tract infections. Clin Phar-

macokinet. 2004; 43(13):925–42. PMID: 15509186.

Optimal ratio of predialysis vancomycin concentration to minimum inhibitory concentration for MRSA bacteremia

PLOS ONE | https://doi.org/10.1371/journal.pone.0193585 March 5, 2018 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193585.s001
http://www.ncbi.nlm.nih.gov/pubmed/17347644
https://doi.org/10.1093/cid/ciq146
https://doi.org/10.1093/cid/ciq146
http://www.ncbi.nlm.nih.gov/pubmed/21208910
http://www.ncbi.nlm.nih.gov/pubmed/15509186
https://doi.org/10.1371/journal.pone.0193585


4. Song KH, Kim HB, Kim HS, Lee MJ, Jung Y, Kim G, et al. Impact of area under the concentration-time

curve to minimum inhibitory concentration ratio on vancomycin treatment outcomes in methicillin-resis-

tant Staphylococcus aureus bacteraemia. Int J Antimicrob Agents. 2015; 46(6):689–95. Epub 2015/11/

12. https://doi.org/10.1016/j.ijantimicag.2015.09.010 PMID: 26555059.

5. Rybak M, Lomaestro B, Rotschafer JC, Moellering R Jr., Craig W, Billeter M, et al. Therapeutic monitor-

ing of vancomycin in adult patients: a consensus review of the American Society of Health-System

Pharmacists, the Infectious Diseases Society of America, and the Society of Infectious Diseases Phar-

macists. Am J Health Syst Pharm. 2009; 66(1):82–98. https://doi.org/10.2146/ajhp080434 PMID:

19106348.

6. Brown J, Brown K, Forrest A. Vancomycin AUC24/MIC ratio in patients with complicated bacteremia

and infective endocarditis due to methicillin-resistant Staphylococcus aureus and its association with

attributable mortality during hospitalization. Antimicrob Agents Chemother. 2012; 56(2):634–8. https://

doi.org/10.1128/AAC.05609-11 PMID: 22123681; PubMed Central PMCID: PMCPMC3264249.

7. Jung Y, Song KH, Cho J, Kim HS, Kim NH, Kim TS, et al. Area under the concentration-time curve to

minimum inhibitory concentration ratio as a predictor of vancomycin treatment outcome in methicillin-

resistant Staphylococcus aureus bacteraemia. Int J Antimicrob Agents. 2014; 43(2):179–83. Epub

2013/12/10. https://doi.org/10.1016/j.ijantimicag.2013.10.017 PMID: 24315788.

8. Kato S, Chmielewski M, Honda H, Pecoits-Filho R, Matsuo S, Yuzawa Y, et al. Aspects of immune dys-

function in end-stage renal disease. Clin J Am Soc Nephrol. 2008; 3(5):1526–33. https://doi.org/10.

2215/CJN.00950208 PMID: 18701615; PubMed Central PMCID: PMCPMC4571158.

9. Vandecasteele SJ, De Bacquer D, De Vriese AS. Implementation of a dose calculator for vancomycin

to achieve target trough levels of 15–20 microg/mL in persons undergoing hemodialysis. Clinical infec-

tious diseases: an official publication of the Infectious Diseases Society of America. 2011; 53(2):124–9.

https://doi.org/10.1093/cid/cir337 PMID: 21690618.

10. Crew P, Heintz SJ, Heintz BH. Vancomycin dosing and monitoring for patients with end-stage renal dis-

ease receiving intermittent hemodialysis. Am J Health Syst Pharm. 2015; 72(21):1856–64. https://doi.

org/10.2146/ajhp150051 PMID: 26490819.

11. Barth RH, DeVincenzo N. Use of vancomycin in high-flux hemodialysis: experience with 130 courses of

therapy. Kidney Int. 1996; 50(3):929–36. PMID: 8872968.

12. Pai A, Pai M. Vancomycin dosing in high flux hemodialysis: a limited-sampling algorithm. American

Journal of Health-System Pharmacy. 2004; 61(17):1812–6. PMID: 15462252

13. Ariano RE, Fine A, Sitar DS, Rexrode S, Zelenitsky SA. Adequacy of a vancomycin dosing regimen in

patients receiving high-flux hemodialysis. Am J Kidney Dis. 2005; 46(4):681–7. https://doi.org/10.1053/

j.ajkd.2005.07.018 PMID: 16183423.

14. Brown M, Polisetty R, Gracely EJ, Cuhaci B, Schlecht HP. Weight-based loading of vancomycin in

patients on hemodialysis. Clinical infectious diseases: an official publication of the Infectious Diseases

Society of America. 2011; 53(2):164–6. https://doi.org/10.1093/cid/cir322 PMID: 21690623.

15. Lin SY, Shen MC, Hwang SJ, Chen YH, Chen TC, Chiu YW, et al. Evaluation of vancomycin dosing pro-

tocols to achieve therapeutic serum concentrations in patients receiving high-flux haemodialysis. Int J

Antimicrob Agents. 2014; 43(4):384–5. https://doi.org/10.1016/j.ijantimicag.2014.01.002 PMID:

24556550.

16. Clinical and Laboratory Standards Institute. Methods for dilution antimicrobialsusceptibility tests for bac-

teria that grow aerobically: approved standard. 9thed. Wayne, PA: CLSI; 2009 [Document M07-A9].

17. Holmes NE, Turnidge JD, Munckhof WJ, Robinson JO, Korman TM, O’Sullivan MV, et al. Vancomycin

AUC/MIC ratio and 30-day mortality in patients with Staphylococcus aureus bacteremia. Antimicrob

Agents Chemother. 2013; 57(4):1654–63. https://doi.org/10.1128/AAC.01485-12 PMID: 23335735;

PubMed Central PMCID: PMCPMC3623342.

18. Lodise TP, Drusano GL, Zasowski E, Dihmess A, Lazariu V, Cosler L, et al. Vancomycin exposure in

patients with methicillin-resistant Staphylococcus aureus bloodstream infections: how much is enough?

Clin Infect Dis. 2014; 59(5):666–75. Epub 2014/05/29. https://doi.org/10.1093/cid/ciu398 PMID:

24867791.

19. van Hal SJ, Lodise TP, Paterson DL. The clinical significance of vancomycin minimum inhibitory con-

centration in Staphylococcus aureus infections: a systematic review and meta-analysis. Clinical infec-

tious diseases: an official publication of the Infectious Diseases Society of America. 2012; 54(6):755–

71. https://doi.org/10.1093/cid/cir935 PMID: 22302374.

20. Steinkraus G, White R, Friedrich L. Vancomycin MIC creep in non-vancomycin-intermediate Staphylo-

coccus aureus (VISA), vancomycin-susceptible clinical methicillin-resistant S. aureus (MRSA) blood

isolates from 2001–05. The Journal of antimicrobial chemotherapy. 2007; 60(4):788–94. https://doi.org/

10.1093/jac/dkm258 PMID: 17623693.

Optimal ratio of predialysis vancomycin concentration to minimum inhibitory concentration for MRSA bacteremia

PLOS ONE | https://doi.org/10.1371/journal.pone.0193585 March 5, 2018 9 / 10

https://doi.org/10.1016/j.ijantimicag.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26555059
https://doi.org/10.2146/ajhp080434
http://www.ncbi.nlm.nih.gov/pubmed/19106348
https://doi.org/10.1128/AAC.05609-11
https://doi.org/10.1128/AAC.05609-11
http://www.ncbi.nlm.nih.gov/pubmed/22123681
https://doi.org/10.1016/j.ijantimicag.2013.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24315788
https://doi.org/10.2215/CJN.00950208
https://doi.org/10.2215/CJN.00950208
http://www.ncbi.nlm.nih.gov/pubmed/18701615
https://doi.org/10.1093/cid/cir337
http://www.ncbi.nlm.nih.gov/pubmed/21690618
https://doi.org/10.2146/ajhp150051
https://doi.org/10.2146/ajhp150051
http://www.ncbi.nlm.nih.gov/pubmed/26490819
http://www.ncbi.nlm.nih.gov/pubmed/8872968
http://www.ncbi.nlm.nih.gov/pubmed/15462252
https://doi.org/10.1053/j.ajkd.2005.07.018
https://doi.org/10.1053/j.ajkd.2005.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16183423
https://doi.org/10.1093/cid/cir322
http://www.ncbi.nlm.nih.gov/pubmed/21690623
https://doi.org/10.1016/j.ijantimicag.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24556550
https://doi.org/10.1128/AAC.01485-12
http://www.ncbi.nlm.nih.gov/pubmed/23335735
https://doi.org/10.1093/cid/ciu398
http://www.ncbi.nlm.nih.gov/pubmed/24867791
https://doi.org/10.1093/cid/cir935
http://www.ncbi.nlm.nih.gov/pubmed/22302374
https://doi.org/10.1093/jac/dkm258
https://doi.org/10.1093/jac/dkm258
http://www.ncbi.nlm.nih.gov/pubmed/17623693
https://doi.org/10.1371/journal.pone.0193585


21. Costerton JW, Cheng KJ, Geesey GG, Ladd TI, Nickel JC, Dasgupta M, et al. Bacterial biofilms in

nature and disease. Annual review of microbiology. 1987; 41:435–64. https://doi.org/10.1146/annurev.

mi.41.100187.002251 PMID: 3318676.

22. Dasgupta MK, Costerton JW. Significance of biofilm-adherent bacterial microcolonies on Tenckhoff

catheters of CAPD patients. Blood purification. 1989; 7(2–3):144–55. https://doi.org/10.1159/

000169586 PMID: 2663034.

23. Dasgupta MK, Kowalewska-Grochowska K, Larabie M, Costerton JW. Catheter biofilms and recurrent

CAPD peritonitis. Advances in peritoneal dialysis Conference on Peritoneal Dialysis. 1991; 7:165–8.

Epub 1991/01/01. PMID: 1680417.

24. Marr KA, Sexton DJ, Conlon PJ, Corey GR, Schwab SJ, Kirkland KB. Catheter-related bacteremia and

outcome of attempted catheter salvage in patients undergoing hemodialysis. Ann Intern Med. 1997;

127(4):275–80. Epub 1997/08/15. PMID: 9265426.

25. Raad II. The pathogenesis and prevention of central venous catheter-related infections. Middle East

journal of anaesthesiology. 1994; 12(4):381–403. Epub 1994/02/01. PMID: 8007893.

26. Siala W, Mingeot-Leclercq MP, Tulkens PM, Hallin M, Denis O, Van Bambeke F. Comparison of the

antibiotic activities of Daptomycin, Vancomycin, and the investigational Fluoroquinolone Delafloxacin

against biofilms from Staphylococcus aureus clinical isolates. Antimicrob Agents Chemother. 2014; 58

(11):6385–97. https://doi.org/10.1128/AAC.03482-14 PMID: 25114142; PubMed Central PMCID:

PMCPMC4249400.

Optimal ratio of predialysis vancomycin concentration to minimum inhibitory concentration for MRSA bacteremia

PLOS ONE | https://doi.org/10.1371/journal.pone.0193585 March 5, 2018 10 / 10

https://doi.org/10.1146/annurev.mi.41.100187.002251
https://doi.org/10.1146/annurev.mi.41.100187.002251
http://www.ncbi.nlm.nih.gov/pubmed/3318676
https://doi.org/10.1159/000169586
https://doi.org/10.1159/000169586
http://www.ncbi.nlm.nih.gov/pubmed/2663034
http://www.ncbi.nlm.nih.gov/pubmed/1680417
http://www.ncbi.nlm.nih.gov/pubmed/9265426
http://www.ncbi.nlm.nih.gov/pubmed/8007893
https://doi.org/10.1128/AAC.03482-14
http://www.ncbi.nlm.nih.gov/pubmed/25114142
https://doi.org/10.1371/journal.pone.0193585

