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Abstract
OBJECTIVE—Staphylococcus aureus is a cause of community- and healthcare-acquired
infections and is associated with substantial morbidity, mortality, and costs. Vancomycin
minimum inhibitory concentrations (MICs) among S. aureus have increased, and reduced
vancomycin susceptibility (RVS) may be associated with treatment failure. We aimed to identify
clinical risk factors for RVS in S. aureus bacteremia.

DESIGN—Case-control.

SETTING—Academic tertiary care medical center and affiliated urban community hospital.

PATIENTS—Cases were patients with RVS S. aureus isolates (defined as vancomycin E-test
MIC >1.0 μg/mL). Controls were patients with non-RVS S. aureus isolates.

RESULTS—Of 392 subjects, 134 (34.2%) had RVS. Fifty-eight of 202 patients (28.7%) with
methicillin-susceptible S. aureus (MSSA) isolates had RVS, and 76 of 190 patients (40.0%) with
methicillin-resistant S. aureus (MRSA) isolates had RVS (P =.02). In unadjusted analyses, prior
vancomycin use was associated with RVS (odds ratio [OR], 2.08; 95% confidence interval [CI],
1.00–4.32; P =.046). In stratified analyses, there was significant effect modification by methicillin
susceptibility on the association between vancomycin use and RVS (P = .04). In multivariable
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analyses, after hospital of admission and prior levofloxacin use were controlled for, the association
between vancomycin use and RVS was significant for patients with MSSA infection (adjusted
OR, 4.02; 95% CI, 1.11–14.50) but not MRSA infection (adjusted OR, 0.87; 95% CI, 0.36–2.13).

CONCLUSIONS—A substantial proportion of patients with S. aureus bacteremia had RVS. The
association between prior vancomycin use and RVS was significant for patients with MSSA
infection but not MRSA infection, suggesting a complex relationship between the clinical and
molecular epidemiology of RVS in S. aureus.

Staphylococcus aureus, especially methicillin-resistant S. aureus (MRSA), is a significant
cause of community- and health-care-acquired infections and is associated with substantial
morbidity, mortality, length of hospital stay, and healthcare costs.1 For decades, vancomycin
has been the mainstay of therapy for infections due to MRSA as well as infections due to
methicillin-susceptible S. aureus (MSSA) when patients cannot tolerate beta-lactam
antibiotics.2 However, delayed microbiological responses and therapeutic failures with
vancomycin are well recognized.3

Recently it has been observed in some studies that minimum inhibitory concentrations
(MICs) for vancomycin among both MRSA and MSSA have increased over time, especially
when the E-test method is used for MIC determination.4,5 Several studies suggest that this
reduced vancomycin susceptibility (RVS) may be associated with vancomycin treatment
failures in cases of S. aureus infection, especially bacteremia.6–12 Limited in vitro studies
also suggest that RVS also may be associated with resistance to other alternative antibiotics
such as daptomycin.13,14

Given these concerns, it is critical that risk factors for RVS in S. aureus infection be clearly
identified so that effective strategies to limit RVS may be developed. Few studies have
attempted to elucidate epidemiological characteristics of RVS in S. aureus
bacteremia10,15,16 and have been limited by small sample size,15,16 enrollment of patients
over prolonged study periods during which clinical risk factors and patterns of antibiotic use
could have changed,10 limited use of multivariable regression analysis,10,15,16 and exclusion
of MSSA infections.10,15,16 We conducted the current study to identify clinical risk factors
for bloodstream infections with S. aureus (both MRSA and MSSA) with RVS, with the
specific hypothesis that prior vancomycin use is a significant risk factor for RVS.

METHODS
This study was conducted at 2 hospitals within the University of Pennsylvania Health
System in Philadelphia, Pennsylvania: the Hospital of the University of Pennsylvania
(HUP), a 725-bed academic tertiary care medical center, and Penn Presbyterian Medical
Center (PPMC), a 344-bed urban community hospital. The study was reviewed and
approved by the institutional review board of the University of Pennsylvania.

Study subjects were identified through records of the clinical microbiology laboratory,
which processes and cultures all specimens obtained from patients at HUP and PPMC. All
adult patients who had an inpatient blood culture positive for S. aureus during the period
from December 1, 2007, through May 31, 2009, were eligible for inclusion. Each subject
could be included only once, using the first S. aureus–positive blood culture identified
during the study period.

Bacterial identification and susceptibility testing were performed and interpreted according
to standard methods,17–20 using a semiautomated system (Vitek2, Biomerieux) or disk
diffusion method. In addition, all isolates were tested by supplemental methods, using the E-
test and microbroth dilution susceptibility methods. Vancomycin and daptomycin MICs
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were determined by E-test, using Mueller-Hinton agar (BBL, BD Diagnostic Systems)21

and, for comparison, microbroth dilution method.19 The microbroth dilution susceptibility
panel was custom manufactured by Trek Diagnostic Systems and included half dilutions of
vancomycin. The presence of glycopeptide heteroresistance was screened for by the
macroE-test method, using E-test GRD vancomycin/teicoplanin strips with brain heart
infusion agar (BBL)21 and by plating on brain heart infusion agar containing vancomycin;22

all screen-positive isolates were confirmed by population analysis, using a spiral plater
(Advanced Instruments) and plating on brain heart infusion agar (BBL) containing
vancomycin.23,24 RVS was primarily defined as a vancomycin E-test MIC greater than 1.0
μg/mL.25 In secondary analyses, RVS was defined as a vancomycin broth dilution MIC
greater than 0.5 μg/mL.9

To assess the relationship between RVS and prior vancomycin use, we conducted a case-
control study. All patients with RVS were considered case patients, and all subjects without
RVS were considered control patients. All eligible control patients were included. Prior
vancomycin use was defined as receipt of 1 or more doses of vancomycin during the same
hospitalization up to 30 days prior to infection.

Other potential risk factors and confounders for RVS were ascertained through the use of a
comprehensive clinical and administrative database, which has been used effectively in past
studies of antibiotic use and antibiotic resistance.26,27 Data obtained included age, sex, race,
the hospital of admission (ie, HUP or PPMC), origin at the time of hospital admission (eg,
home or transfer from another facility), hospital location at the time of infection (eg,
intensive care unit [ICU] or medical floor), and number of hospital and ICU-days prior to
infection. The presence of the following comorbid conditions was documented: diabetes
mellitus, renal insufficiency (creatinine level >2.0 mg/dL or the requirement of
hemodialysis), malignancy, prior organ transplantation, human immunodeficiency virus,
neutropenia (absolute neutrophil count <500/mm3), and use of an immunosuppressive agent
or steroids in the 30 days prior to infection. The Charlson comorbidity index was calculated
for each subject.28

All inpatient antimicrobial therapy administered during the same hospitalization up to 30
days prior to infection was obtained. Antimicrobial agents were categorized by specific
agents (if only 1 agent of a given class was used) or by class, including aminoglycosides (eg,
amikacin, gentamicin, and tobramycin), other penicillins (eg, penicillin, ampicillin, and
ampicillin/sulbactam), extended-spectrum cephalosporins (eg, ceftriaxone, cefotaxime, and
cefepime), other cephalosporins (eg, cefazolin), and macrolides (eg, azithromycin and
erythromycin).29 In analyses, antimicrobial use was categorized as “use” versus “no use”
during the prior 30 days.

Statistical Methods
Cases and controls were first characterized by all potential risk factors, including
demographics, comorbid conditions, and prior antibiotic use. Bivariable analyses were then
conducted to determine the association between potential risk factors and RVS, with a
primary focus on the association between prior vancomycin use and RVS. For the primary
analysis, RVS was defined using E-test MICs. Categorical values were compared using the
Fisher exact test. An odds ratio (OR) and 95% confidence interval (CI) were calculated to
evaluate the strength of any association. Continuous variables were compared using the
Wilcoxon rank-sum test.30

Stratified analyses were then performed to identify where data were sparse and to elucidate
where confounding and interactions were likely to exist in multivariable analyses. In
particular, we specifically performed stratified analyses based on methicillin susceptibility
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(eg, MSSA vs MRSA), as we hypothesized that this risk factor might be an important
confounder or effect modifier. Interaction was assumed to be present when the test for
heterogeneity between the ORs for different strata yielded a significant result (P < .05). The
Mantel-Haenszel test for summary statistics was used to evaluate the effects of each variable
of interest as a possible confounder.31

Multivariable analyses were performed using multiple logistic regression.32 The building of
the multivariable model began with the inclusion of the key risk factor variable of interest
(ie, prior vancomycin use). All variables with a P value less than 0.20 on bivariable analyses
were considered for inclusion in the multivariable explanatory model,33 as were variables
noted to be confounders on stratified analyses. A variable remained in the final model if its
inclusion resulted in more than a 15% change in the effect size for the primary association of
interest (ie, vancomycin use and RVS).34

As a secondary analysis, the above analyses were repeated using RVS defined using broth
dilution MICs (rather than E-test). A comparison of E-test MIC values and broth dilution
MIC values also was performed using the Spearman rank correlation. For all calculations, a
2-tailed P value less than 0.05 was considered significant. All statistical calculations were
performed using standard programs in Stata, version 10.0 (StataCorp).

RESULTS
Over the 18-month study period, there were 392 unique patients with a blood culture
positive for S. aureus, 202 (51.5%) with MSSA, and 190 (48.5%) with MRSA. Two
hundred ninety-two (74.4%) of these patients had bacteremia present on or within 48 hours
of admission. The median age of patients was 57 (range, 18–95), 241 (61.5%) were males,
and 193 (49.2%) were white. Among all subjects, 274 (69.9%) were hospitalized at HUP,
and 118 (30.1%) were hospitalized at PPMC.

The distribution of vancomycin MICs as determined by E-test among the 392 subjects was
17 (4.3%) with MIC at most 0.5 μg/mL, 83 (21.2%) with MIC of 0.75 μg/mL, 158 (40.3%)
with MIC of 1.0 μg/mL, 123 (31.4%) with MIC of 1.5 μg/mL, and 11 (2.8%) with MIC of
2.0 μg/mL. Accordingly, 134 (34.2%) had RVS as defined by E-test MIC greater than 1.0
μg/mL. Fifty-eight of 202 patients (28.7%) with MSSA had RVS, and 76 of 190 patients
(40.0%) with MRSA had RVS (P = .02).

In bivariable analyses, several variables were noted to be significantly associated with RVS
(Table 1). Inpatient vancomycin use within the prior 30 days was associated with RVS (OR,
2.08; 95% CI, 1.00–4.32; P = .046). The other antibiotics associated with RVS were agents
with broad-spectrum anti-gram-negative and anaerobic activity. Onset of infection more
than 48 hours after hospital admission and location in the ICU more than 48 hours prior to
infection were each independently associated with RVS, while age (P = .67), Charlson score
(P = .88), and exposure in the prior 30 days to steroids (P = .74) or other
immunosuppressive agents (P = .84) were not.

In unadjusted stratified analyses, there was significant effect modification by methicillin
susceptibility (P = .04). Specifically, a significant association between prior vancomycin use
and RVS was noted for subjects with MSSA (OR, 5.60; 95% CI, 1.41–26.27) but not for
subjects with MRSA (OR, 1.12; 95% CI, 0.43–2.79).

In multivariable analyses, prior vancomycin use remained an independent risk factor for
RVS, but this association differed significantly by methicillin susceptibility (Table 2). After
controlling for other significant confounders (ie, the hospital to which the patient was
admitted and inpatient use of levofloxacin in the prior 30 days), the association between
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prior vancomycin use and RVS was significant for patients with MSSA infection (adjusted
OR, 4.02; 95% CI, 1.11–14.50) but not for patients with MRSA infection (adjusted OR,
0.87; 95% CI, 0.36–2.13).

In a secondary analysis, these analyses were repeated with RVS defined using broth dilution
MIC cutoffs. The distribution of vancomycin MICs as determined by broth dilution among
the 392 subjects was 1 (0.3%) with MIC of 0.25 μg/mL, 78 (19.9%) with MIC of 0.5 μg/mL,
240 (61.2%) with MIC of 0.75 μg/mL, 62 (15.8%) with MIC of 1.0 μg/mL, and 11 (2.8%)
with MIC of 1.5 μg/mL. Accordingly, 313 (79.8%) had RVS as defined by broth dilution
MIC greater than 0.5 μg/mL. There was a significant, albeit weak, correlation between
vancomycin E-test MICs and vancomycin broth dilution MICs (Spearman correlation, 0.50;
P < .0001). Inpatient vancomycin use within the prior 30 days was not significantly
associated with RVS as defined by broth dilution on either bivariable (OR, 1.39; 95% CI,
0.56–3.44) or multivariable (OR, 1.02; 95% CI, 0.38–2.72) analyses.

The distribution of daptomycin MICs as determined by E-test among the 392 subjects was
34 (8.7%) with MIC of 0.125 μg/mL, 85 (21.7%) with MIC of 0.25 μg/mL, 215 (54.8%)
with MIC of 0.5 μg/mL, 48 (12.2%) with MIC of 0.75 μg/mL, 5 (1.3%) with MIC of 1.0 μg/
mL, 3 (0.7%) with MIC of 1.5 μg/mL, 1 (0.3%) with MIC of 2.0 μg/mL, and 1 (0.3%) with
MIC of 4.0 μg/mL. The distribution of daptomycin MICs as determined by broth dilution
among the 392 subjects was 176 (44.9%) with MIC of 0.25 μg/mL, 200 (51.0%) with MIC
of 0.5 μg/mL, 14 (3.6%) with MIC of 1.0 μg/mL, and 2 (0.5%) with MIC of 2.0 μg/mL. Of
the 392 subjects, 27 screened positive for glycopeptide heteroresistance, and 20 were con-
firmed. Comparisons of daptomycin MICs as determined by E-test and broth dilution, as
well as rates of glycopeptide heteroresistance between cases and controls, are shown in
Figure 1.

DISCUSSION
In this 18-month, health system–wide study involving 392 patients with S. aureus
bacteremia, we found that 134 (34.2%) S. aureus isolates demonstrated RVS. The
proportion of patients with RVS differed significantly between those with MSSA (28.7%) as
compared with MRSA (40.0%) infection. In the final multivariable model controlling for
hospital to which the patient was admitted and use of levofloxacin in the prior 30 days, the
association between prior vancomycin use and RVS was statistically significant only for
patients with MSSA, not those with MRSA.

Only a limited number of studies have examined the relationship between prior vancomycin
use and RVS. In contrast to our findings, one study evaluating 105 patients with only MRSA
bloodstream isolates found that prior vancomycin use was an independent predictor of RVS
in MRSA isolates as defined by a vancomycin E-test MIC greater than or equal to 1.5.15 The
OR on multivariable analysis for recent vancomycin exposure, however, had a very wide
confidence interval (1.1–80.7), likely reflecting limited sample size.15 Also, the high
prevalence of RVS (73.3%) observed in that study suggests an underlying cohort quite
distinct from our study population.15 A second smaller study of 81 MRSA bacteremias also
found an independent association between prior vancomycin use and RVS; however,
vancomycin MIC cutoffs were determined by microbroth dilution and not E-test, and that
study cohort was enriched for prior vancomycin intolerance or failure.16

A novel finding identified in our study, and one not investigated previously, was that prior
vancomycin use was a significant risk factor for RVS only for patients with MSSA
infection, not those with MRSA infection. One explanation for this finding could be an
increased microbial fitness of MSSA strains with RVS (MSSA-RVS) when compared with
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MRSA strains with RVS (MRSA-RVS).35 If it is assumed that patients can be
simultaneously colonized with both MRSA and MSSA strains,36,37 prior vancomycin use
might provide selective pressure for the development of both MSSA-RVS and MRSA-RVS
in patients with such exposure. Due to increased microbial fitness, MSSA-RVS strains
would predominate over MRSA-RVS to become the main S. aureus strain in such patients.
Therefore, prior vancomycin use would appear to be a risk factor for MSSA-RVS but not
MRSA-RVS.

An alternative explanation could be that RVS may induce the loss of mecA in some MRSA
strains. In vitro it has been observed that induction of high-level vancomycin resistance in
MRSA strains by serial passage resulted in mecA deletion and restoration of fitness when
compared with mecA-containing bacteria.38 Whether this occurs in vivo and with low-level
vancomycin resistance is unknown but possible. In patients with either MRSA colonization
or MSSA colonization, prior vancomycin use could provide selective pressure for the
development of MRSA-RVS or MSSA-RVS, respectively. If the development of RVS in
MRSA strains promoted the loss of mecA, those MRSA-RVS would revert to MSSA-RVS
with resultant enhanced bacterial fitness. Therefore, prior vancomycin use could be a risk
factor for MSSA-RVS but not MRSA-RVS. Elucidating the exact microbiological
explanation of our findings was beyond the scope of our study, but either of these
hypotheses could be tested further in prospective studies. Regardless, this association
between prior vancomycin use and MSSA-RVS further supports the idea that beta-lactams
should be the preferred agents for treating MSSA bloodstream infections when possible.

An additional finding in our study was the observed association between prior
fluoroquinolone use and RVS. While we cannot fully explain this association, prior
fluoroquinolone use has been associated with MRSA in the past.39

Another novel finding in our study, and one not previously investigated, was that the
relationship between prior vancomycin use and RVS differed dramatically depending on the
MIC method used to define RVS. There was a significant association between prior
vancomycin use and RVS when vancomycin MICs were determined by E-test but not when
determined by broth dilution. This reflects the poor correlation observed in our study
between the E-test and broth dilution MIC testing methods, described elsewhere.40,41

Previous studies evaluating RVS that have relied on E-test alone have used varying MIC
cutoffs to define RVS, with most using the cutoff used in our study (ie, >1.0 μg/mL),6,7,15

while others have used at least 1.0 μg/mL9 or even 3 categories of susceptibility levels.10,16

Taken together, these observations highlight the need for a more uniform approach when
defining RVS so that results may be compared across studies. More research is needed to
investigate which MIC method and cutoff value are superior for defining RVS. The optimal
approach will likely depend on which is most closely linked with clinical outcomes.

Our study had several potential limitations. Although selection bias is of potential concern,
we identified study subjects through the clinical microbiology laboratory that processed and
cultured all specimens obtained at HUP and PPMC during the study period, so no potential
subjects should have been overlooked. Additionally, every eligible patient was included as
either a case or a control. Misclassification of case-control status was also reduced, as
antibiotic susceptibility profiles were completed prior to initiation of the study, so that the
distinction between case patients and control patients could not have influenced the
identification of antibiotic resistance patterns.

Misclassification of exposure status is of potential concern, given our focus on antibiotic use
during the same hospitalization up to 30 days prior to infection. Patients developing
bacteremia on or shortly after hospital admission may have had antibiotic use during a
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previous hospitalization or as an outpatient that we were unable to quantify. Fortunately,
only 22% of all study patients had a previous hospitalization in the 30 days prior to
admission, and this proportion was similar among patients who developed their bacteremia
less than 48 hours after admission, as compared with more than 48 hours. In addition, the
potential for uncontrolled confounding exists, because certain variables (eg, the presence of
indwelling devices) could not be assessed. Finally, our study was conducted in a large
tertiary care medical center and a smaller urban community hospital; the results may not be
generalizable to dissimilar institutions or geographical locations.

In conclusion, we found that 34.2% of patients with S. aureus bacteremia had RVS. The
association between prior vancomycin use and RVS was statistically significant only for
patients with MSSA, not those with MRSA. This suggests that a complex relationship
between the clinical and molecular epidemiology of RVS in S. aureus may exist and
warrants further exploration in a prospective study.
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FIGURE 1.
A, Difference in daptomycin E-test and broth dilution minimum inhibitory concentrations in
Staphylococcus aureus bloodstream isolates with and without reduced vancomycin
susceptibility (RVS). B, Difference in glycopeptide heteroresistance in S. aureus
bloodstream isolates with and without RVS.

Mascitti et al. Page 10

Infect Control Hosp Epidemiol. Author manuscript; available in PMC 2014 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mascitti et al. Page 11

TABLE 1

Results of Bivariable Analysis of Risk Factors for Reduced Vancomycin Susceptibility in Staphylococcus
aureus Bacteremia

Variable
Case patients (n =

134)
Control patients (n =

258) OR (95% CI) P

Hospital length of stay prior to infection, median (IQR), days 0 (0–4) 0 (0–1) 1.00 (0.99–1.01) .02

Stay at Penn Presbyterian Medical Centera 48 (35.8) 70 (27.1) 1.50 (0.93–2.40) .08

Nonwhite race 56 (43.4) 129 (51.2) 0.71 (0.45–1.12) .13

Hospital onset of infectionb 40 (29.8) 60 (23.3) 1.40 (0.85–2.30) .18

Location in ICU >48 hours prior to infection 23 (17.2) 27 (10.5) 1.77 (0.92–3.37) .08

Inpatient antimicrobial use in prior 30 days

 Vancomycin 19 (14.2) 19 (7.4) 2.08 (1.00–4.32) .046

 Piperacillin/tazobactam 3 (2.2) 1 (0.4) 5.89 (0.47–310.10) .12

 Extended-spectrum cephalosporinc 12 (9.0) 12 (4.6) 2.02 (0.80–5.06) .12

 Aztreonam 3 (2.2) 1 (0.4) 5.89 (0.46–310.10) .12

 Levofloxacin 21 (15.7) 15 (5.8) 3.01 (1.42–6.51) .003

 Aminoglycosided 10 (7.5) 7 (2.7) 2.89 (0.96–9.15) .04

 Metronidazole 14 (10.4) 16 (6.2) 1.76 (0.77–4.00) .16

NOTE. Data are no. (%) of patients, unless otherwise indicated. Only variables with P less than .20 are shown. The Fisher exact test was used for
categorical variables and the Wilcoxon rank-sum test for continuous variables. CI, confidence interval; ICU, intensive care unit; IQR, interquartile
range; OR, odds ratio.

a
As opposed to the Hospital of the University of Pennsylvania.

b
Onset of infection more than 48 hours after hospital admission.

c
Ceftriaxone, cefotaxime, or cefepime.

d
Amikacin, gentamicin, tobramycin.
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TABLE 2

Multivariable Model of Risk Factors for Reduced Vancomycin Susceptibility in Staphylococcus aureus
Bacteremia

Variable Adjusted OR (95% CI) P

Inpatient vancomycin use in prior 30 daysa 4.02 (1.11–14.50)b .03

Stay at Penn Presbyterian Medical Centerc 1.46 (0.92–2.32) .10

Inpatient levofloxacin use in prior 30 daysd 2.42 (1.14–5.14) .02

MRSAe 1.79 (1.14–2.83) .01

Interaction between vancomycin use and methicillin susceptibility 0.22 (0.05–1.00) .05

NOTE. CI, confidence interval; MRSA, methicillin-resistant S. aureus; OR, odds ratio; SE, standard error.

a
Coefficient and OR reflect those subjects with methicillin-susceptible S. aureus (MSSA).

b
Adjusted OR (95% CI) for the association between inpatient vancomycin use in prior 30 days and reduced vancomycin susceptibility was 4.02

(1.11–14.50) in patients with MSSA infection and 0.87 (0.36–2.13) in patients with MRSA infection.

c
As opposed to the Hospital of the University of Pennsylvania.

d
As opposed to no inpatient levofloxacin use in prior 30 days.

e
As opposed to MSSA.
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