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Abstract

Catheter-related bacteremia (CRB) is an important cause of morbidity and mortality among
hospitalized patients, being staphylococci the main etiologic agents. The objective of this
study was to assess the use of a PCR-based assay for detection of staphylococci directly
from blood obtained through the catheter to diagnose CRB caused by these microorgan-
isms and to perform a cost-effectiveness analysis. A total of 92 patients with suspected
CRB were included in the study. Samples were obtained through the catheter. Paired blood
cultures were processed by standard culture methods and 4 ml blood samples were pro-
cessed by GeneXpert-MRSA assay for the detection of methicillin-susceptible (MSSA) or
methicillin-resistant (MRSA) Staphylococcus aureus, and methicillin-resistant coagulase-
negative staphylococci (MR-CoNS). Sixteen CRB caused by staphylococci were diagnosed
among 92 suspected patients. GeneXpert detected 14 out of 16 cases (87.5%), including 4
MSSA and 10 MR-CoNS in approximately 1 hour after specimen receipt. The sensitivity
and specificity of GeneXpert were 87.5% (Cl 95%: 60.4—97.8) and 92.1% (Cl 95%: 83—
96.7), respectively, compared with standard culture methods. The sensitivity of GeneXpert
for S. aureus was 100%. Regarding a cost-effectiveness analysis, the incremental cost of
using GeneXpert was of 31.1€ per patient while the incremental cost-effectiveness ratio of
GeneXpert compared with blood culture alones was about 180€ per life year gained. In con-
clusion, GeneXpert can be used directly with blood samples obtained through infected cath-
eters to detect S. aureus and MR-CoNS in approximately 1h after sampling. In addition, it is
cost-effective especially in areas with high prevalence of staphylococcal CRB.
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Introduction

Catheter-related bloodstream infection (CRBSI) is an important cause of morbidity and mor-
tality among hospitalized patients. Staphylococci are the main aetiological agents of CRBSI [1].
Bacteremia due to Staphylococcus aureus is a severe disease with a high risk of complications
and a high mortality rate [2]. In addition, coagulase-negative staphylococci (CoNS) are also
important aetiological agents of CRBSI [3]. Early adequate antibiotic treatment of staphylococ-
cal bacteremia is associated with a better prognosis [4] and early removal of the catheter
reduces the risk of developing haematogenous complications [5]. However, the conventional
blood culture (BC) method usually requires more than 16 h for bacterial growth detection in
the case of staphylococci [6]. To address this problem, several molecular assays have been
developed in recent years for direct detection of pathogens in whole blood samples [7].
Although these assays provide results more rapidly, the low bacterial density in blood during
bacteremia (1-10 CFU/mL) often results in low sensitivity [8, 9]. However, the intraluminal
density of bacteria in CRBSI cases is high (>1,000 CFU/ml) [10-12], which explains the
shorter time-to-positivity (TTP) of BC obtained from a catheter compared to those from a
peripheral vein [13]. We therefore hypothesized that a rapid Real-Time Polymerase Chain
Reaction (rt-PCR)-based assay performed in blood obtained through the infected catheter
would have a high sensitivity for detecting the presence of microorganisms causing CRBSIL.
The main objective of this study was to assess the use of the GeneXpert MRSA/SA BC assay
(Cepheid, Sunnyvale, USA) to detect methicillin-susceptible (MSSA), methicillin-resistant
(MRSA) S. aureus, and methicillin-resistant CoNS (MR-CoNS) directly from blood obtained
through the catheter and to perform a cost-effectiveness analysis comparing this new test to
the traditional BC method.

Materials and Methods

Sample Collection

From October 2012 to October 2014 we collected 92 whole blood samples from 92 patients in
whom CRBSI was suspected during hospitalization in our centre, a 700-bed university hospital.
All patients were prospectively followed until a definitive source of bacteremia was established.
Criteria for suspecting CRBSI included: sudden onset of fever with local inflammatory signs at
the catheter insertion site, fever without local signs or any other evident source of infection. In
all cases, 4 ml of whole blood were obtained through the catheter and submitted to the Micro-
biology laboratory in a sterile EDTA-containing tube for the GeneXpert assay and blood sam-
ples for paired BC (about 10 ml for a single BC vial) were drawn sequentially from the catheter
and a peripheral vein without waiting between draws. Patients were included in the study dur-
ing morning working time, and GeneXpert was performed within 1 hour before sample collec-
tion for BC in all cases.

The criteria of the definitive diagnosis of CRBSI were: isolation of the same microorganism
from BCs obtained from the catheter and peripheral vein with a differential TTP of >2 hours
or the isolation of the same microorganism from both a catheter tip and at least one percutane-
ous BC [1].

Microorganisms isolated from positive BC were considered as contaminants if commensal
bacteria were detected in only one set of paired BC or different CoNS were isolated from each
set of BC and another source of fever was identified.

The study was approved by the Hospital Clinic of Barcelona Ethics Committee (study no.
2012/7798). Patient records were anonymized and de-identified prior analysis. No informed
consent was considered necessary for this study.
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Routine microbiological techniques

BCs were collected and transported to the laboratory in less than 2 hours. BCs vials were incu-
bated in BACTEC FX (Becton Dickinson, MD, USA) for a maximum of 120 h. In case of posi-
tivity, Gram staining and subculture on appropriate solid media were performed. The TTP of
each BC bottle was recorded. If the catheter was removed, the Maki roll-on semiquantitative
method for catheter tip culture was used. The final identification of bacterial species was
achieved using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) (Bruker Daltonics, Bremen, Germany). Routine antimicrobial susceptibil-
ity included the Phoenix system (Becton Dickinson, MD, USA) for S. aureus and the disk diffu-
sion method for CoNS. Results of susceptibility testing were interpreted according to EUCAST
guidelines (http://www.eucast.org).

The GeneXpert assay

To recover bacteria from whole blood, the EDTA collection tube was centrifuged at 430 x g for
5 min and then the supernatant was centrifuged at 15,600 x g for 2 min. The pellet obtained
was resuspended in 100 pl of sterile saline solution (0.9% NaCl) and used for the GeneXpert
test according to the manufacturer's instructions. The GeneXpert used was Xpert MRSA-SA
BC G3 Version 24. GeneXpert was considered positive for MR-CoNS if only the methicillin
resistance gene (mecA) was detected; positive for MSSA if only the staphylococcal protein A
(spa) target was detected; and positive for MRSA if the spa, mecA genes and the staphylococcal
chromosome genomic island (SCCmec) were identified.

The current cycle threshold (Ct) cut-off values of the GeneXpert assay were established for
positive BCs containing high bacterial concentrations, with a valid maximum cycle for all three
targets of 36. Since the expected bacterial inoculum in whole blood is much lower, two bacterial
strains of S. aureus (MSSA and MRSA) were used to study the analytical detection limits of
GeneXpert assay. Four millilitres of whole blood were spiked with bacteria to achieve three dif-
ferent concentrations (10, 100 and 1000 CFU/ml). The GeneXpert assay was performed in
duplicate for each S. aureus strain and each bacterial concentration. Taking into account the
results of the detection limits study, prolonged Ct values (>36) were also considered as
positive.

Cost-effectiveness analysis

The information was not provided to the physician in charge of the patient. Therefore, we per-
formed an analysis according to the sensitivity and specificity of the test and using previous lit-
erature about complications related with S. aureus catheter-related bacteremia [5].

A cost-effectiveness analysis (CEA) of using GeneXpert to detect CRBSI caused by S. aureus
and MR-CoNS was performed. The comparator was the conventional BC method. The main
clinical outcome considered was the expected number of life years gained. Costs were measured
from the perspective of our hospital and were obtained from hospital sources. Differences in
costs and life years between testing strategies were used to compute the incremental cost-effec-
tiveness ratio (ICER).

A decision tree based on the standard clinical approach to CRBSI was developed. The tree
was used to model outcomes following different strategies (Fig 1). Individuals enter the model
as patients with suspected CRBSI. All patients are tested with conventional BC. Under the stan-
dard protocol (lower branch of the tree) all patients receive empirical wide-spectrum antibiot-
ics and a fraction of patients have the catheter removed before BC results are available. The
removal decision is initially based solely on clinical criteria. In patients tested with GeneXpert
(upper branch) the catheter is removed depending on the test result, which is known before BC
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Fig 1. Decision tree for cost-effectiveness analysis. CRBSI, catheter-related bloodstream infection; BC,
blood culture; -, negative; +, positive.

doi:10.1371/journal.pone.0161684.g001

results. The model assumes that a positive test leads to immediate catheter removal and
patients are treated with specific antibiotics.

Variables determining the probability of each health outcome are: the prevalence rate of S.
aureus and MR-CoNS among suspected patients, the sensitivity and specificity of the GeneX-
pert test, the probability of haematogenous complications when the catheter is removed on sus-
picion of CRBSI and when catheter removal is delayed until BC results are available, and the
probability of death related to CRBSI. The S1 File provides a detailed description of the eco-
nomic model and data sources.

Resources considered for the cost analysis included BC costs, the GeneXpert kit, technical
staff, catheters, wide-spectrum and specific antibiotics; imaging (abdominal ultrasound, trans-
thoracic echocardiogram, and PET scan) and the use of an intensive care unit in case of haema-
togenous complications. Treatment of co-morbidities or CRBSI caused by bacteria other than
staphylococci was not considered in the cost analysis. One-way deterministic and multivariate
probabilistic sensitivity analyses were performed to evaluate the robustness of CEA.

Statistical analysis

Statistical analysis was performed using SPSS software (SPSS, Chicago, IL). Differences were
considered significant with a P< 0.05.

Results

The results of the analytical detection limits study were as follows: samples with 10 CFU/ml
bacterial concentration were negative by GeneXpert for the three targets (spa, mecA, SCCmec);
samples with 100 CFU/ml were positive but with prolonged Ct values (>36); samples with
1000 CFU/ml were positive with recommended Ct cut-off values (<36) for the three targets.
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We evaluated 92 blood samples obtained from 92 patients and processed with paired BCs
and GeneXpert. The source of bacteremia was presumed to be a short peripheral intravenous
catheter in 3 patients (3.2%), a peripherally inserted central catheter in 18 (19.6%), a central
subclavian or jugular venous catheter in 63 (68.5%), and a tunnelled catheter in 8 patients
(8.7%). The median (IQR) length of stay of patients was 13 (5-22) days and the median cathe-
ter dwell time was 12 (7-23) days.

BCs were positive in 34 patients. Eighteen cases did not fulfil the CRBSI definition. In 15
cases, the microorganisms isolated (14 CoNS and 1 viridans group Streptococcus) were consid-
ered contaminants. None of the 14 contaminant CoNS was detected by GeneXpert. No specific
treatment was prescribed in these cases. Two patients had bacteremia by Gram-negative bacilli,
with the suspected source being a urinary tract infection in both; and the other patient had bac-
teremia due to Enterococcus faecium from an unknown source.

A total of 16 CRBSI were diagnosed among 92 suspected patients, therefore, the prevalence
of staphylococcal CRBSI in our study population was 17.4%. Among these 16 CRBSI no septic
metastasis and no death related was observed. GeneXpert detected 14 out of 16 cases (87.5%),
including 4 MSSA and 10 MR-CoNS. Table 1 shows the concordance between definitive
CRBSI cases and GeneXpert results. There were 2 false negative GeneXpert results, both caused
by MR-CoNS.

The median TTP in the BC of the 10 MR-CoNS detected by GeneXpert was 16.6h (IQR:
12.1-17.8), whereas the TTP of two MR-CoNS not detected by GeneXpert was 20.8 h and
24.1 h, respectively. Interestingly, the median TTP of not detected CoNS, including 14 contam-
inants and 2 false negatives, was 25.5 h (IQR: 20.0-41.8). The difference between the median
TTP of MR-CoNS detected by GeneXpert (16.6 h) and those not detected (25.5 h) was statisti-
cally significant (P = 0.005).

On the other hand, GeneXpert identified 6 additional staphylococci (presumably false posi-
tives), including 3 MR-CoNS, 2 MSSA, and one sample, which offered two possibilities since
the genes mecA and spa but not SCCmec were detected. These two possibilities are: 1) that both
MR-CoNS and MSSA were present or 2) a MRSA strain with a SCCmec variant that was not
detected. Indeed, the last option seems more plausible since the Ct values for both mecA and
spa genes were similar with 37.7 and 37.5, respectively. Interestingly, 4 out of these 6 (66.7%)
false positives were receiving active antibiotic treatment initiated at least 24 h before sampling.
Briefly, one patient with MSSA was treated with ceftriaxone, the other patient with MSSA with
meropenem and vancomycin; one patient with mixed MSSA and MR-CoNS was receiving
meropenem and linezolid, and the other with MR-CoNS, received vancomycin. In contrast,
among the 14 patients with GeneXpert results concordant to CRBSI diagnosis, only 2 (2/14,
14.3%) patients were receiving correct antimicrobial treatment for at least 24 h before sampling
(P =0.037).

Table 1. Comparison of results obtained by GeneXpert and convencional BC.

No. of patients

Positive BC (%) Negative BC (%) Total (%)
GeneXpert positive 14 (15.2) 6 (6.5)° 20 (21.7)
GeneXpert negative 2(2.2) 70 (76.1)° 72 (78.3)
Total (%) 16 (17.4) 76 (82.6) 92 (100)

BC, blood culture

2 Including 4 Staphylococcus aureus detected.
® Including 3 S. aureus detected.

¢ Including 14 contaminant CoNS.

doi:10.1371/journal.pone.0161684.1001
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The sensitivity, specificity, positive predictive value, and negative predictive value of GeneX-
pert in the present study were 87.5% (CI 95%: 60.4-97.8), 92.1% (CI 95%: 83-96.7), 70% (CI
95%: 45.7-87.2) and 97.2% (CI 95%: 89.4-99.5), respectively. The sensitivity, specificity, posi-
tive predictive value, and negative predictive value of GeneXpert for S. aureus were 100% (CI
95%: 39.6-100), 96.6% (CI 95%: 89.7-99.1), 57.1% (CI 95%: 20.2-88.2) and 100% (CI 95%:
94.6-100), respectively. The sensitivity of GeneXpert for MR-CoNS was 83.3%.

Cost-effectiveness results

Clinical outcomes. Using prevalence figures in the hospital and mortality rates published
in the literature[14], the probability of death for patients with suspected CRBSI was estimated
at 2.59% for patients tested with conventional BC alone and 1.59% for patients tested with Gen-
eXpert (Table 2). Taking life expectancy of the general population in Spain as reference, the
average discounted life expectancy (with a 3% discount rate) for patients tested with BC and
with GeneXpert were 17.01 and 17.18 years, respectively. The use of GeneXpert allowed earlier
detection of 14 cases of CRBSI among 92 suspected patients (15.2%).

Costs and cost-effectiveness. Costs per test were 60€ for one BC (on average, 15€ for one
BC vial) and 67€ for the GeneXpert test. In the baseline analysis the cost per patient were 380.4
€ and 411.5€, respectively. As mentioned in the methods section, these numbers only take into
account testing and treatment of CRBSI caused by S. aureus and MR-CoNS. Because the use of
GeneXpert is associated with a lower probability of haematogenous complications due to early
detection and, therefore, lower treatment costs, the incremental cost of using GeneXpert is
only of 31.1€ per patient. The incremental cost-effectiveness ratio (ICER) of GeneXpert com-
pared with BC alone was about 180€ per life year gained. Similarly, the ICER per early detec-
tion was estimated at 204€.

The sensitivity analysis showed that the probability of haematogenous complication when
the catheter removal is delayed, the joint prevalence of S. aureus and MR-CoNS and the sensi-
tivity of the GeneXpert test were the parameters that introduced the highest variability in the
ICER (Fig 2). For complication probability in case of delayed catheter removal, the ICER for
the GeneXpert test ranged between 9€ per life year gained (when the probability = 42%) and
2,405€ (when probability = 13%). As regards the influence of prevalence, the ICER for the Gen-
eXpert test ranged between minus 46€ per life year gained (i.e., dominance of GeneXpert)
when the prevalence rate was 50% and 435€ per life year gained when the prevalence was lower
(i.e., 10%). Changes in sensitivity also affected ICER, which varied from 124€ to 470€ per life

Table 2. Cost-effectiveness results (base case).

Clinical outcomes
Death probability

Expected Life years (discounted)

Early detections

Costs

Test price (€)

Cost per patient (€)
Cost-effectiveness (ICER)

Incremental cost (€) per life year gained (discounted)
Incremental cost (€) per early detected case

BC, blood culture; ICER, incremental cost-effectiveness ratio.

doi:10.1371/journal.pone.0161684.1002

GeneXpert and BC Only BC Difference

1.59% 2.59% -1.00%

17.183 17.010 0.173

15.2% - 15.2%

67+60 60 67

411.5 380.4 31.1
179.5
204.2
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Fig 2. Univariate deterministic sensitivity analysis.

doi:10.1371/journal.pone.0161684.9g002

year gained for high (98%) and low (62%) sensitivity rates, respectively. The remaining param-
eters of the model (complication probability when the removal of the catheter is not delayed,
the unconditional death probability for true positives, life expectancy, and specificity of GeneX-
pert) introduced less variability in the ICER.

This analysis addresses changes in incremental cost-effectiveness ratio (€/life year gained)
when individual parameter values are varied. The vertical line corresponds to the base case
incremental cost-effectiveness ratio of the model. CRBSI, catheter-related bloodstream
infection

Results from the probabilistic sensitivity analysis are summarized in Fig 3. At a willingness-
to-pay of 0€ per life year gained GeneXpert had a 27% probability of being cost-effective com-
pared with BC. As the willingness-to pay increased, the probability that Genexpert was cost-
effective quickly raised to 98%.

.6 .8
1 1

Probability that GeneXpert is cost-effective
4
1

T T T T T
0 10000 20000 30000 40000 50000
Willingness-to-pay (€ per life year gained)

Fig 3. The probabilistic sensitivity analysis.

doi:10.1371/journal.pone.0161684.g003
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Discussion

In this study, we demonstrated that GeneXpert is a useful and rapid test for the detection of S.
aureus and MR-CoNS directly in blood samples obtained through an infected catheter. As
GeneXpert results are available in approximately 1h, this test may help clinicians to early select
the appropriate antibiotic treatment and to decide whether immediate catheter removal is nec-
essary or not. A delay in the initiation of appropriate antibiotic therapy and prompt catheter
removal are critical variables associated with the outcome of patients with CRBSI and the risk
of developing septic metastases [5, 15]. In addition, as vancomycin treatment compared with a
beta-lactam has been associated with a higher mortality rate in case of MSSA bacteremia, a
rapid discrimination between MSSA and MRSA should improve the outcome of these patients.
[16] Previously reported sensitivity of the GeneXpert from positive BC for MSSA and MRSA
was 100% and 98.3%, respectively [17]. In the present study, the global sensitivity performed
using blood obtained from an infected catheter was 87.5%, including MR-CoNS, and it
increases up to 100% for MSSA.

According to a recent study from our institution, CoNS are the aetiology of 45% of CRBSI
cases with a rate of methicillin resistance higher than 70% [18]. Interestingly, GeneXpert
detects MR-CoNS in case of negative spa gene and positive mecA. To our knowledge, this is the
first time that GeneXpert is used for this proposal and our results suggest that this is a promis-
ing diagnostic tool particularly because contaminants were not amplified. This could be attrib-
uted to the low bacterial density in contaminant cases as it was suggested by a significantly
longer median TTP in concomitant BC of negative GeneXpert samples than of positive ones
(25.5hvs 16.6 h, P = 0.005). However, there were 2 true CRBSI due to MR-CoNS not detected
by GeneXpert. In these cases the TTP was also >20 h and this is a limitation but it probably
indicates less severe infections [19].

An interesting finding was the identification of six presumably false positive results. The
most reasonable explanation is the previous exposure to active antibiotics, which inhibited
their growth in culture media. However, we cannot rule out false positive results due to unspe-
cific amplification.

Previously, the GeneXpert assay had been shown to have an important impact on the mean
length of hospital stay and the mean hospital costs for bacteremic patients [20]. In another
study, using GeneXpert results to guide anti-infective therapy proved to be less costly than
empiric treatment for MRSA and also showed the potential to reduce mortality rates [21].
Regarding our results, the estimated ICER was only about 180€ per life year gained. Although
there are no well-defined cost-effectiveness thresholds for life years gained, there are thresholds
for quality adjusted life years (i.e., QALYs; range US $20,000/16,800€ and US $100,000/84,000
€) [22]. The ICER estimated here is well below these figures; if any adjustment for quality were
made the main results will not be affected.

There are several limitations in our study. First, the number of patients included was small
and the study was performed in a single hospital. Second, as GeneXpert allows detection of
only S. aureus and MR-CoNS, CRBSI caused by other etiological agents, including methicillin-
susceptible CoNS, cannot be identified by this system. Third, results of the GeneXpert test were
not taken into account for patients’ management; this fact and the low prevalence of S.aureus
CRB in our sample led to take data from the literature regarding potential complications of
bacteremia. Therefore, CEA represents a partially literature-derived model. Fourth, the num-
bers of discounted life years gained were likely to overestimate real gains in life years because a
large share of patients with suspected bacteremia have a clinical condition different from staph-
ylococcal CRBSI that can potentially lead to death before reaching the general population’s
expected age of death. Similarly, no attempt was done to estimate gains in quality-adjusted life
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years. The heterogeneity of patients’ original health condition would have made such calcula-
tion pointless. However, given that the GeneXpert test was found to be highly cost-effective in
terms of unadjusted gains of life years, adjustments for quality are unlikely to change the quali-
tative results. Finally, the life expectancy figures could be overestimated, because large share of
patients with CRBSI have a clinical condition (different from staphylococcal CRBSI) that can
potentially lead to death before reaching the general population’s expected age of death. How-
ever, given that the bias applies to the estimated life expectancy obtained with both tests, the
change in life years of using GeneXpert compared with BC is not likely to suffer a significant
bias.

In conclusion, GeneXpert can be used directly with whole blood sample obtained through
an infected catheter for the detection of S. aureus and MR-CoNS in approximately 1 h after
sampling. In addition, GeneXpert is cost-effective, especially in settings with a high prevalence
of staphylococcal CRBSI. Finally, this test has a potential to identify cases not detected by BC,
probably due to ongoing antibiotic treatment. However, further studies are necessary to con-
firm this finding.

Supporting Information

S1 File. Economic evaluation of the use of GeneXpert to detect staphylococcal catheter-
related bloodstream infection (CRBSI).
(DOCX)

Acknowledgments

This study was funded by Cepheid (Sunnyvale, CA; USA). This study was supported by grant
2014SGR0653 from the Departament de Universitats, Recerca i Societat de la Informaci6 de la
Generalitat de Catalunya, by the Ministerio de Economia y Competitividad, Instituto de Salud
Carlos III, co-financed by European Regional Development Fund (ERDF) “A Way to Achieve
Europe,” the Spanish Network for Research in Infectious Diseases (REIPI RD12/0015).

Study results were presented at the 54th Interscience Conference on Antimicrobial Agents
and Chemotherapy (ICAAC), Washington, DC, USA, September 5-9, 2014.

Author Contributions
Conceptualization: JM JV.

Data curation: MS LSC.

Formal analysis: JAM MS AS JV.
Funding acquisition: AM.
Investigation: YZ CDC MA NCT LM RA.
Methodology: JV AS MS LS.
Project administration: MJAM.
Resources: JV FM.

Software: JAM MS LSC.
Supervision: JV.

Writing - original draft: YZ MS.

PLOS ONE | DOI:10.1371/journal.pone.0161684 August 29, 2016 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161684.s001

@’PLOS ‘ ONE

Rapid Diagnosis of Staphylococcal Catheter-Related Bacteraemia by RT-PCR

Writing - review & editing: JV AS.

References

1.

10.

11.

12

13.

14.

15.

16.

Mermel LA, Allon M, Bouza E, Craven DE, Flynn P, O'Grady NP, et al. Clinical practice guidelines for
the diagnosis and management of intravascular catheter-related infection: 2009 Update by the Infec-
tious Diseases Society of America. Clinical infectious diseases: an official publication of the Infectious
Diseases Society of America. 2009; 49(1):1-45. Epub 2009/06/06. doi: 10.1086/599376 PMID:
19489710; PubMed Central PMCID: PMCPmc4039170.

Laupland KB, Ross T, Gregson DB. Staphylococcus aureus bloodstream infections: risk factors, out-
comes, and the influence of methicillin resistance in Calgary, Canada, 2000-2006. The Journal of infec-
tious diseases. 2008; 198(3):336—43. Epub 2008/06/05. doi: 10.1086/589717 PMID: 18522502.

Lorente L, Henry C, Martin MM, Jimenez A, Mora ML. Central venous catheter-related infection in a pro-
spective and observational study of 2,595 catheters. Crit Care. 2005; 9(6):R631-5. Epub 2005/11/11.
doi: 10.1186/cc3824 PMID: 16280064; PubMed Central PMCID: PMCPmc1414031.

Soriano A, Martinez JA, Mensa J, Marco F, Almela M, Moreno-Martinez A, et al. Pathogenic signifi-
cance of methicillin resistance for patients with Staphylococcus aureus bacteremia. Clinical infectious
diseases: an official publication of the Infectious Diseases Society of America. 2000; 30(2):368-73.
Epub 2000/02/15. doi: 10.1086/313650 PMID: 10671343.

Fowler VG Jr., Justice A, Moore C, Benjamin DK Jr., Woods CW, Campbell S, et al. Risk factors for
hematogenous complications of intravascular catheter-associated Staphylococcus aureus bacteremia.
Clinical infectious diseases: an official publication of the Infectious Diseases Society of America. 2005;
40(5):695-703. Epub 2005/02/17. doi: 10.1086/427806 PMID: 15714415.

Martinez JA, Pozo L, Aimela M, Marco F, Soriano A, Lopez F, et al. Microbial and clinical determinants
of time-to-positivity in patients with bacteraemia. Clinical microbiology and infection. 2007; 13(7):709—
16. Epub 2007/05/09. doi: 10.1111/j.1469-0691.2007.01736.x PMID: 17484763.

Liesenfeld O, Lehman L, Hunfeld KP, Kost G. Molecular diagnosis of sepsis: New aspects and recent
developments. European journal of microbiology & immunology. 2014; 4(1):1-25. Epub 2014/03/29.
doi: 10.1556/EudMI.4.2014.1.1 PMID: 24678402; PubMed Central PMCID: PMCPmc3955828.

Dark P, Blackwood B, Gates S, McAuley D, Perkins GD, McMullan R, et al. Accuracy of LightCycler®
SeptiFast for the detection and identification of pathogens in the blood of patients with suspected sep-
sis: a systematic review and meta-analysis. Intensive care medicine. 2015; 41(1):21-33. Epub 2014/
11/25. doi: 10.1007/s00134-014-3553-8 PMID: 25416643.

Yagupsky P, Nolte FS. Quantitative aspects of septicemia. Clinical microbiology reviews. 1990; 3
(3):269-79. Epub 1990/07/01. PMID: 2200606; PubMed Central PMCID: PMCPmc358159.

Wing EJ, Norden CW, Shadduck RK, Winkelstein A. Use of quantitative bacteriologic techniques to
diagnose catheter-related sepsis. Archives of internal medicine. 1979; 139(4):482—3. Epub 1979/04/
01. PMID: 107870.

Andremont A, Paulet R, Nitenberg G, Hill C. Value of semiquantitative cultures of blood drawn through
catheter hubs for estimating the risk of catheter tip colonization in cancer patients. Journal of clinical
microbiology. 1988; 26(11):2297-9. Epub 1988/11/01. PMID: 3069861; PubMed Central PMCID:
PMCPmMc266880.

Quilici N, Audibert G, Conroy MC, Bollaert PE, Guillemin F, Welfringer P, et al. Differential quantitative
blood cultures in the diagnosis of catheter-related sepsis in intensive care units. Clinical infectious dis-
eases: an official publication of the Infectious Diseases Society of America. 1997; 25(5):1066—70. Epub
1997/12/24. PMID: 9402359.

Blot F, Nitenberg G, Chachaty E, Raynard B, Germann N, Antoun S, et al. Diagnosis of catheter-related
bacteraemia: a prospective comparison of the time to positivity of hub-blood versus peripheral-blood
cultures. Lancet. 1999; 354(9184):1071-7. Epub 1999/10/06. PMID: 10509498.

Cosgrove SE, Qi Y, Kaye KS, Harbarth S, Karchmer AW, Carmeli Y. The impact of methicillin resis-
tance in Staphylococcus aureus bacteremia on patient outcomes: mortality, length of stay, and hospital
charges. Infection control and hospital epidemiology: the official journal of the Society of Hospital Epi-
demiologists of America. 2005; 26(2):166—74. Epub 2005/03/11. doi: 10.1086/502522 PMID:
15756888.

Molina J, Penuela |, Lepe JA, Gutierrez-Pizarraya A, Gomez MJ, Garcia-Cabrera E, et al. Mortality and
hospital stay related to coagulase-negative Staphylococci bacteremia in non-critical patients. The Jour-
nal of infection. 2013; 66(2):155-62. Epub 2012/10/30. doi: 10.1016/.jinf.2012.10.021 PMID:
23103291.

Kim SH, Kim KH, Kim HB, Kim NJ, Kim EC, Oh MD, et al. Outcome of vancomycin treatment in patients
with methicillin-susceptible Staphylococcus aureus bacteremia. Antimicrobial agents and

PLOS ONE | DOI:10.1371/journal.pone.0161684 August 29, 2016 10/11


http://dx.doi.org/10.1086/599376
http://www.ncbi.nlm.nih.gov/pubmed/19489710
http://dx.doi.org/10.1086/589717
http://www.ncbi.nlm.nih.gov/pubmed/18522502
http://dx.doi.org/10.1186/cc3824
http://www.ncbi.nlm.nih.gov/pubmed/16280064
http://dx.doi.org/10.1086/313650
http://www.ncbi.nlm.nih.gov/pubmed/10671343
http://dx.doi.org/10.1086/427806
http://www.ncbi.nlm.nih.gov/pubmed/15714415
http://dx.doi.org/10.1111/j.1469-0691.2007.01736.x
http://www.ncbi.nlm.nih.gov/pubmed/17484763
http://dx.doi.org/10.1556/EuJMI.4.2014.1.1
http://www.ncbi.nlm.nih.gov/pubmed/24678402
http://dx.doi.org/10.1007/s00134-014-3553-8
http://www.ncbi.nlm.nih.gov/pubmed/25416643
http://www.ncbi.nlm.nih.gov/pubmed/2200606
http://www.ncbi.nlm.nih.gov/pubmed/107870
http://www.ncbi.nlm.nih.gov/pubmed/3069861
http://www.ncbi.nlm.nih.gov/pubmed/9402359
http://www.ncbi.nlm.nih.gov/pubmed/10509498
http://dx.doi.org/10.1086/502522
http://www.ncbi.nlm.nih.gov/pubmed/15756888
http://dx.doi.org/10.1016/j.jinf.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/23103291

@’PLOS ‘ ONE

Rapid Diagnosis of Staphylococcal Catheter-Related Bacteraemia by RT-PCR

17.

18.

19.

20.

21,

22,

chemotherapy. 2008; 52(1):192—7. Epub 2007/11/07. doi: 10.1128/aac.00700-07 PMID: 17984229;
PubMed Central PMCID: PMCPmc2223910.

Wolk DM, Struelens MJ, Pancholi P, Davis T, Della-Latta P, Fuller D, et al. Rapid detection of Staphylo-
coccus aureus and methicillin-resistant S. aureus (MRSA) in wound specimens and blood cultures:
multicenter preclinical evaluation of the Cepheid Xpert MRSA/SA skin and soft tissue and blood culture
assays. Journal of clinical microbiology. 2009; 47(3):823—6. Epub 2009/01/16. doi: 10.1128/jcm.01884-
08 PMID: 19144803; PubMed Central PMCID: PMCPmc2650929.

Marcos M, Soriano A, Inurrieta A, Martinez JA, Romero A, Cobos N, et al. Changing epidemiology of
central venous catheter-related bloodstream infections: increasing prevalence of Gram-negative patho-
gens. The Journal of antimicrobial chemotherapy. 2011; 66(9):2119-25. Epub 2011/06/15. doi: 10.
1098/jac/dkr231 PMID: 21665905.

Kassis C, Rangaraj G, Jiang Y, Hachem RY, Raad I. Differentiating culture samples representing coag-
ulase-negative staphylococcal bacteremia from those representing contamination by use of time-to-
positivity and quantitative blood culture methods. Journal of clinical microbiology. 2009; 47(10):3255—
60. Epub 2009/08/21. doi: 10.1128/jcm.01045-09 PMID: 19692564; PubMed Central PMCID:
PMCPmMc2756952.

Bauer KA, West JE, Balada-Llasat JM, Pancholi P, Stevenson KB, Goff DA. An antimicrobial steward-
ship program'’s impact with rapid polymerase chain reaction methicillin-resistant Staphylococcus
aureus/S. aureus blood culture test in patients with S. aureus bacteremia. Clinical infectious diseases:
an official publication of the Infectious Diseases Society of America. 2010; 51(9):1074-80. Epub 2010/
10/01. doi: 10.1086/656623 PMID: 20879856.

Brown J, Paladino JA. Impact of rapid methicillin-resistant Staphylococcus aureus polymerase chain
reaction testing on mortality and cost effectiveness in hospitalized patients with bacteraemia: a decision
model. PharmacoEconomics. 2010; 28(7):567—75. Epub 2010/06/17. doi: 10.2165/11533020-
000000000-00000 PMID: 20550222.

Bell CM, Urbach DR, Ray JG, Bayoumi A, Rosen AB, Greenberg D, et al. Bias in published cost effec-
tiveness studies: systematic review. BMJ (Clinical research ed). 2006; 332(7543):699-703. Epub
2006/02/24. doi: 10.1136/bmj}.38737.607558.80 PMID: 16495332; PubMed Central PMCID:
PMCPmc1410902.

PLOS ONE | DOI:10.1371/journal.pone.0161684 August 29, 2016 11/11


http://dx.doi.org/10.1128/aac.00700-07
http://www.ncbi.nlm.nih.gov/pubmed/17984229
http://dx.doi.org/10.1128/jcm.01884-08
http://dx.doi.org/10.1128/jcm.01884-08
http://www.ncbi.nlm.nih.gov/pubmed/19144803
http://dx.doi.org/10.1093/jac/dkr231
http://dx.doi.org/10.1093/jac/dkr231
http://www.ncbi.nlm.nih.gov/pubmed/21665905
http://dx.doi.org/10.1128/jcm.01045-09
http://www.ncbi.nlm.nih.gov/pubmed/19692564
http://dx.doi.org/10.1086/656623
http://www.ncbi.nlm.nih.gov/pubmed/20879856
http://dx.doi.org/10.2165/11533020-000000000-00000
http://dx.doi.org/10.2165/11533020-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20550222
http://dx.doi.org/10.1136/bmj.38737.607558.80
http://www.ncbi.nlm.nih.gov/pubmed/16495332

