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Background. High rates of vancomycin failure in methicillin-resistant Staphylococcus aureus (MRSA) infections
have been increasingly reported over time. The primary objective of our study was to determine the impact of
vancomycin exposure and outcomes in patients with MRSA bacteremia initially treated with vancomycin.

Methods. This was a single-center retrospective analysis of 320 patients with documented MRSA bacteremia
initially treated with vancomycin from January 2005 through April 2010. Two methods of susceptibility, Etest and broth
microdilution, were performed for all isolates to determine the correlation of susceptibility testing to patient outcomes.

Results. Among a cohort of 320 patients, more than half (52.5%) experienced vancomycin failure. Independent
predictors of vancomycin failure in logistic regression included infective endocarditis (adjusted odds ratio [AOR],
4.55; 95% confidence interval [CI], 2.26-9.15), nosocomial-acquired infection (AOR, 2.19; 95% CI, 1.21-3.97),
initial vancomycin trough <15 mg/L (AOR, 2.00; 95% CI, 1.25-3.22), and vancomycin minimum inhibitory
concentration (MIC) >1 mg/L by Etest (AOR, 1.52; 95% CI, 1.09-2.49). With use of Classification and Regression
Tree (CART) analysis, patients with vancomycin area under the curve at 24 h (AUC,,4;,) to MIC ratios <421 were
found to have significantly higher rates of failure, compared with patients with AUC,4}, to MIC ratios >421 (61.2%
vs 48.6%; P = .038)

Conclusions. In light of the high failure rates associated with this antimicrobial, optimizing the
pharmacokinetic/pharmacodynamic properties of vancomycin by targeting higher trough values of 15-20 mg/L
and AUC,4,/MIC ratios =400 in selected patients should be considered.

The frequency of infection due to methicillin-resistant
Staphylococcus aureus (MRSA) has been increasing for
the past decade, with Rice et al identifying this or-
ganism as 1 of the 6 primary pathogens leading to
resistance in the nosocomial setting [1, 2]. In fact,
during 1999-2006, the percentage of S. aureus isolates
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from outpatient settings that were MRSA almost
doubled, increasing by 10% every year [3]. Similarly,
rates of MRSA infection identified in intensive care
units (ICUs) have increased from 35.9% in 1992 to
64.4% in 2003, representing a 3.1% annual increase
[4]. Unfortunately, MRSA infection has been associ-
ated with a longer hospital length of stay, higher
hospital-associated costs, and increased morbidity
and mortality, compared with methicillin-susceptible
S. aureus (MSSA) infection [5, 6].

Vancomycin, a glycopeptide that was introduced over
50 years ago, has been the mainstay of treatment for
invasive MRSA infection [7]. However, this antimicro-

bial is associated with several limitations, namely, its
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slow bactericidal activity, low penetration into certain tissues,
increasing reports of resistance and failure, and potential min-
imum inhibitory concentration (MIC) “creep” [8, 9]. The
vancomycin MIC has been used as a marker for therapeutic
decision-making by clinicians and a predictor of failure, par-
ticularly in MRSA bacteremia and pneumonia. We recently re-
ported findings on vancomycin susceptibility over 22 years in
the Detroit metro area, revealing that, although the percentage
of isolates for which the MIC was <0.5 pg/mL decreased
over time, the percentage of isolates for which the MIC was
=1 pg/mL increased from 80.7% to 93.4% during the same
periods [10]. Similar findings of vancomycin MIC creep have
been noted by various other investigators [11, 12]. However,
there are conflicting data concerning whether this reported
vancomycin MIC creep truly exists, with large surveillance re-
ports failing to demonstrate significant changes in MICs [13,
14] and only reports from individual or regional institutions
revealing this MIC creep. MRSA with higher MICs, in par-
ticular, MICs >1 mg/L, have been associated with vanco-
mycin treatment failure [15, 16]. Vancomycin failure has
also been associated with heteroresistant vancomycin-
intermediate S. aureus (VISA), VISA, and vancomycin-
resistant S. aureus (VRSA) strains; this association is of con-
tinued clinical concern [10, 17]. Moreover, several inves-
tigators have previously found prior vancomycin exposure,
older age, and certain underlying disease states as in-
dependent predictors of vancomycin failure [16, 18]. On the
basis of potentially improved penetration of vancomycin and
clinical outcomes in patients with complicated infections,
a consensus paper recently recommended that clinicians
target higher serum trough concentrations of 15-20 mg/L to
attain a vancomycin area under the curved in 24 h (AUC,,;,)
to MIC ratio =400 [19].

Currently, limited human and extrapolated data are available
on the relevance of AUC,,,:MIC and vancomycin trough ex-
posure in terms of outcomes for complicated bacteremia in
patients. In an attempt to determine outcomes in patients
treated with vancomcyin, our objective was to evaluate patients
treated with vancomycin for MRSA bacteremia (MRSAB);
characterize the risk factors for vancomycin failure, including
vancomycin exposure; and describe the microbiological char-
acteristics of patients with MRSAB.

METHODS

Study Population

This was a retrospective cohort study conducted at Detroit
Medical Center (Detroit, MI). Adult patients who received
vancomycin as initial therapy for at least 72 h for a documented
MRSA bloodstream infection from January 2005 through April
2010 were included; only the first episode of bacteremia in each

patient was included in the study population. Patients were
excluded if they had received vancomycin therapy for <3 days.
Data collected from patients’ medical records included de-
mographic characteristics, comorbidities, APACHE-II and
Charlson score at the initiation of vancomycin therapy, source
of MRSA bacteremia (eg, catheter or skin), antimicrobial
treatment data, duration of bacteremia, response to vancomycin
therapy, and microbiologic data. Vancomycin-induced neph-
rotoxicity was assessed, with nephrotoxicity was defined as
a minimum of two or three consecutive documented increases
in serum creatinine (defined as an increase of 0.5 mg/dl or
= 50% increase from baseline, whichever is greater) in the ab-
sence of an alternative explanation [19]. The initial vancomycin
trough was evaluated for each patient at steady state (eg, im-
mediately before the fourth dose) when available from clinical
data, and AUC_,4;, was estimated as the daily dose divided by
clearance with use of standard population parameters for van-
comycin clearance derived from a previous pharmacokinetic
study performed at our institution [21].

Vancomycin treatment failure was defined as any of the fol-
lowing: (1) 30-day mortality; (2) persistent signs and symptoms
of infection at the end of vancomycin therapy; or (3) persistent
bacteremia defined as =7 days. Death was considered to be
related to MRSAB if one of the following criteria were present:
(1) blood cultures were positive for MRSAB at the time of death;
(2) death occurred before the resolution of signs and symptoms
of MRSAB; (3) death occurred at least 14 days after the onset of
MRSAB without another explanation; (4) autopsy findings in-
dicated MRSA infection as a cause of death; or (5) MRSAB was
indicated as a cause of death on the death certificate. Length of
hospital stay after infection was calculated from the first blood
culture positive for S. aureus until discharge or death. Hospital-
associated MRSAB was defined as a positive blood culture result
=72 h after admission. The source of MRSAB was determined
by the treating physician as documented in the patient’s medical
record.

Microbiological and Molecular Data

The first organism obtained from the patient’s bloodstream
was used for all microbiologic and molecular assessments.
Stock solutions of vancomycin were prepared fresh before
susceptibility testing and kept frozen at —4° C. Vancomycin
analytical powder was obtained from Sigma Chemical
Company. MICs were determined for each isolate in duplicate
by nonautomated broth microdilution techniques with an
inoculum of 5 X 10° colony-forming units/mL according to
the Clinical and Laboratory Standards Institute guidelines
[22]. Etest susceptibility was also performed on each isolate
according to the manufacturer’s instructions. Identification of
heteroresistant VISA was determined using macro Etest
methods and confirmed by modified population analysis
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[10, 23], SCCmec type, USA strain type, the presence of the
genes encoding Panton—Valentine leukocidin, and agr group
and agr function were determined using previously described
methods [24, 25].

Statistical Analysis

Categorical variables were compared using the x” test, and
continuous variables were compared by the Student’s #-test or
the Mann—Whitney U test. The CART technique was used to
identify the significant breakpoint in the AUC,,,:MIC
ratio.[26] A P value <.05 was considered to be statistically
significant. To determine independent predictors of failure,
backward stepwise logistic regression analysis was performed.
Variables considered for model inclusion a priori were van-
comycin MIC and those variables associated with failure in
univariate analysis with a P < 0.2. All calculations were
computed using PASW, version 18.0 (SPSS), and CART
software (Salford Systems).

RESULTS

During the study period, 320 adult patients with MRSAB who
received =72 h of vancomycin therapy were included. A total of
168 patients (52.5%) experienced treatment failure with van-
comycin according to the predefined definitions. With several
patients falling into >1 category, breakdown of patients meeting
failure criteria were as follows: 35 (21.0%) 30-day mortality, 93
(55.7%) persistent signs/symptoms of infection at the end of
therapy, and 127 (76.0%) =7 days of bacteremia. Of the 35
deaths, 26 (74.3%) were from MRSAB, with infective endo-
carditis and pneumonia being the most common concomitant
sites of MRSA infection. Of the 9 patients for whom 30-day
mortality was attributed to other causes, 8 had persistent signs
and symptoms of infection at the end of therapy and/or = 7 days

Table 1. Patient Characteristics

of bacteremia. A bivariate comparison of clinical and microbi-
ologic characteristics between vancomycin treatment success
and failures are displayed in Table 1, with both groups being
similar in demographic characteristics. Concomitant sites of
MRSA infection are displayed in Figure 1, with a higher per-
centage of patients with infective endocarditis failing vanco-
mycin therapy than those without endocarditis (76.8% vs
46.7%; P < 0.001) and a lower percentage of patients with skin/
wound infections failing therapy than those with other infection
types (34.9% vs 56.0%; P <.01).

Three hundred eight (96%) of 320 patients had an initial
vancomycin trough value available. Table 2 displays clinical
failure rate according to initial vancomycin trough concentra-
tion. Concentrations of 15-20 mg/L were associated with sig-
nificantly lower failure rates, compared with troughs of <10 mg/
L or of 10-14.9 mg/L. Likewise, patients failing therapy had
lower AUC,4,:MIC ratios and higher MIC values by Etest. The
median (interquartile range [IQR]) of initial vancomycin
troughs and AUC,4:MIC ratios for success versus failure
was 16.2 mg/L (12.0-19.9 mg/L) and 587.4 h (394.2-996.3 h)
versus 13.5 mg/L (9.6-18.6 mg/L) and 537.3 h (330.7-959.8 h),
respectively.

MIC distributions for vancomycin success versus failure by
Etest and broth microdilution are displayed in Figures 2 and 3,
respectively. The overall MIC distribution for Etest was
0.6% 0.38 mg/L, 8.8% 0.50 mg/L, 25.3% 0.75 mg/L, 27.2% 1
mg/L, 30.3% 1.5 mg/L, 7.5% 2 mg/L, and 0.3% 3 mg/L. The
overall MIC distribution for broth microdilution was 19.4%
0.50 mg/L, 68.1% 1 mg/L, 12.2% 2 mg/L, and 0.3% 8 mg/L.
Overall, molecular characteristics of the strains were as
follows: 67.8% SCCmec IV and 32.2% SCCmec 11, 52.2% PVL
positive, 52.8% USA300, 57.8% agr I and 39.7% agr II, and
85% agr functional. There were no statistically significant
differences in success versus failure detected as it related to

Vancomycin success median

Vancomycin failure median

Characteristic (IQR) or n (%) (n=152) (IQR) or n (%) (n=168) P value
Age (years) 53 (45-64) 54 (46-61) .75
APACHE-II score 7.5 (4-11) 8 (5-12) 12
Weight (kg) 70.2 (64.0-82.0) 72.3 (63.0-86.9) .29
Creatinine clearance (ml/min) 68.5 (35.8-98.6) 57.7 (25.0-92.8) 18
Prior hospitalization <1 year 84 (565.3%) 79 (47.0%) 14
Nosocomial-acquired infection 26 (17.1%) 41 (24.4%) 1
Nursing home 25 (16.4%) 14 (8.3%) .02
Diabetes 40 (26.3%) 41 (24.4%) .67
Intravenous drug use 44 (28.9%) 63 (37.5%) 1
Hemodialysis 18 (11.8%) 23 (13.7%) .38
Vancomycin MIC >1 mg/L (Etest) 52 (34.2%) 66 (39.3%) .35
Vancomycin MIC >1 mg/L (broth microdilution) 21 (13.8%) 20 (11.9%) 42
Vancomycin monotherapy 126 (82.9%) 125 (74.4%) .07
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Figure 1. Vancomycin failure and concomitant sites of MRSA infection.
Describes the proportion of patients that experienced clinical failure with
vancomycin therapy according to concomitant sites of MRSA infection;
the "other" group includes miscellaneous sites of infection, such as
urinary tract infection, intra-abdominal infection, and necrotizing fasciitis,
which could not be incorporated into a larger category.

these molecular findings. There were 18 heteroresistant VISA
strains identified and verified in population analysis,
and, although small in numbers, failure was significantly
associated with heteroresistant VISA (failure 8.3% vs success
2.6%; P = .024).

Independent predictors of vancomycin failure in logistic re-
gression included infective endocarditis (adjusted odds ratio
[AOR], 4.55; 95% confidence interval [CI], 2.26-9.15; P =
.000), nosocomial-acquired bacteremia (AOR, 2.19; 95% CI,
1.21-3.97; P = .009), initial vancomycin trough <15 mg/L
(AOR, 2.00; 95% CI, 1.25-3.22; P = .004), and vancomycin
MIC >1 mg/L by Etest (AOR, 1.52; 95% CI, 1.09-2.49; P =
.045). Using CART analysis, we found that patients with van-
comycin AUC,,,:MIC ratios <421 had a significantly higher
rate of failure, compared with patients with AUC,4,:MIC ratios
=421 (61.2% vs 48.6%; P = .038).

The median (IQR) hospital length of stay for patients suc-
ceeding versus failing vancomycin treatment was 11 days (8-17
days) versus 18 days (12-30 days), respectively, with P < .001.
Nephrotoxicity during vancomycin therapy was significantly
higher in patients who experienced failure (20.2% vs 10.5%;

P = .044). However, a greater percentage of patients in the
vancomycin failure group who experienced nephrotoxicity were
receiving concomitant aminoglycosides (19.6% vs 11.2%). The
percentage of nephrotoxicity for each vancomycin trough
range is shown in Table 2. Compared with vancomycin troughs
of 15-20 mg/L, patients with initial troughs >20 mg/L were
significantly more likely to experience nephrotoxicity during
therapy. Furthermore, patients who developed nephrotoxicity
while receiving vancomycin had a significantly longer length of
hospital stay (20 vs 13 days; P = .001).

DISCUSSION

This is one of the largest cohorts evaluating outcomes and
characteristics of patients with MRSAB treated initially with
vancomycin for =72 h. More than half (52.5%) of the patients
with MRSAB experienced failure of vancomycin therapy, with
76% of these patients experiencing =7 days of bacteremia.
Among the group of patients with initial vancomycin trough
concentrations of 15-20 mg/L, the rate of failure was statistically
lower; however, a nearly 40% failure rate was observed even
among these patients. Infective endocarditis, nosocomial-
acquired bacteremia, initial vancomycin trough <15 mg/L, and
vancomycin MIC >1 mg/L (Etest) were found to be associated
with failure. There have been varying definitions of vancomycin
failure used in the literature, with common criteria of failure
being persistence of bacteremia, which has ranged from 3 days to
the end of therapy [27, 28]. We used =7 days of bacteremia as
part of our composite definition, because this has been the most
widely used definition of persistence of bacteremia. Although
many patients treated with vancomycin for bacteremia or en-
docarditis are ultimately cured without a change to another
antibiotic, that other antibiotics routinely achieve faster reso-
lution is consistent with the poor relative performance of the
drug and is an important factor in evaluating patient response
for an infection that is associated with high morbidity and
mortality.

There are limited and conflicting data correlating vancomycin
trough concentrations with clinical efficacy [29-32]. In light of
the 2009 vancomycin consensus guidelines recommending tar-
geting trough levels of 15-20 mg/L in patients with complicated

Table 2. Vancomycin Trough Concentrations and Poor Outcomes

Characteristic N = 308° Vancomycin failure n (%) P (vs reference category) Nephrotoxicity® n (%) P (vs reference category)

Trough <10 mg/L (n=70) 46 (65.7%) 0.001 10/65 (15.4%) .682
Trough 10-14.9 mg/L(n=90) 52 (67.8%) 0.016 13/76 (17.1%) 476
Trough 15-20 mg/L(n=86) 34 (39.5%) REF 10/77 (13.0%) REF
Trough >20 mg/L(n=62) 31 (560.0%) 0.206 17/62 (27.4%) .032

@ Twelve patients without trough concentrations drawn at steady state were excluded from analysis.
b Denominators reflect exclusion of patients with end-stage renal disease from analysis of nephrotoxicity.
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Figure 2. MIC distributions for patients with Vancomycin success via
Etest and broth microdilution (n = 152).

MRSA infections, of note, we found that a higher percentage of
patients failed vancomycin therapy that did not achieve this
initial trough target, highlighting the possible correlation of
vancomycin exposure and patient outcomes. In addition,
a higher percentage of patients with serious invasive infection,
such as endocarditis and pneumonia, in which high serum
bactericidal activity may be preferred, failed vancomycin ther-
apy. Other studies may have failed to correlate higher vanco-
mycin troughs with clinical outcome because of small sample
size and/or small number of patients with deep-seeded infection.
Of interest, CART analysis identified patients with vancomycin
AUCy:MIC ratios <421 as more likely to fail vancomycin
therapy, which is similar to what has been recommended for
successful therapy in the recent consensus guidelines; however,
these higher ratios may contribute to greater nephrotoxicity
[19, 20]. However, this specific AUC:MIC ratio should be
interpreted with some caution, because achieving this target is
highly dependent on the MIC distribution and there are
multiple approaches for determining AUC. Although we used
a demographic population-based model from our own
institution, the true interpatient variation of drug exposure may
be more precisely evaluated using a MAP-Bayesian approach
(33, 34].

A majority of our MRSA strains were SCCmec IV, PVL pos-
itive, and agr I, suggesting community origin [35]. This may

180
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Figure 3. MIC distributions for patients with Vancomycin failure via
Etest and broth microdilution (n = 168).

partially explain why a majority of the isolates exhibited van-
comycin MICs <1 mg/L, because SCCrmec IV has been associ-
ated with lower MICs than more traditional SCCmec II or
nosocomial-associated MRSA infection [36, 37]. Furthermore,
85% of our strains were agr functional. Fowler et al [38] dem-
onstrated that agr dysfunction was associated with persistent
bacteremia and vancomycin failure. We were unable to dem-
onstrate an association between agr dysfunction and patient
outcome. This may be becauase of the higher rates of SCCrnec IV
strains and, therefore, the lower percentage of patients with
dysfunctional agr loci. We previously reported these differences
on agr function and SCCmec type from our medical center [39].
Vancomycin MICs differed depending on the susceptibility
method used, with a higher percentage of patients having iso-
lates with vancomycin MICs >1 mg/L by the Etest method.
Sader et al [40] reported similar findings; susceptibility testing
was performed by both Etest and broth microdilution in 1800
MRSA bloodstream isolates. The authors found that Etest pro-
vided vancomycin MIC results that were consistently 0.5-1.5
log, dilution steps higher than those provided by the micro-
dilution method. Hsu et al [41] found a wide discordance
among the 4 susceptibility test methods (Etest, microdilution,
Vitek-1, and Microscan) frequently used in clinical laboratories,
with the least variability found between Etest and Microscan
results. Of interest, several investigators have previously corre-
lated high vancomycin MICs with treatment failure [9, 15, 16].
Of importance, all of these studies correlating high vancomycin
MICs to treatment failure used the Etest as their susceptibility
testing method. In this investigation, we performed MIC sus-
ceptibility testing with use of both Etest and broth microdilution
and found an association with vancomycin MIC >1 mg/L by
Etest but no correlation with patients’ outcomes and MIC
testing by broth microdilution. In a post hoc sensitivity analysis,
multiple comparisons of vancomycin MICs were evaluated
against patient outcome, and consistently stronger associations
were seen with Etest than with broth microdilution. This may in
part be attributable to the ability to determine more strata in
the MIC distribution with Etest, allowing for measurements in
between traditional dilution steps. Recently, Vaudaux et al
[42] found discrepancies among broth microdilution, macro-
dilution, and Etest for detecting glycopeptide-intermediate iso-
lates of S. aureus for vancomycin and teicoplanin. The authors
hypothesized that the 20-fold lower inoculum size that is used
for broth microdilution may explain, in part, the tendency to
observe lower MICs to vancomycin and teicoplanin, compared
with other methods. Further research to determine the impact of
these findings on clinical decision-making and patient outcome
is warranted.

In conclusion, although vancomycin has been the mainstay of
treatment for invasive MRSA infection, our results indicated
a high failure rate of >50% among patients with MRSAB treated
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initially with vancomycin. Although the improvement observed
could be considered modest, our research suggests that targeting
initial higher trough levels of 15-20 mg/L may improve out-
comes in select patients with complicated bacteremia.
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Background. We sought to characterize the pharmacodynamic profile of the more intensive vancomycin
dosing regimens currently used in response to the recent vancomycin guidelines.

Methods. A series of Monte Carlo simulations was performed for vancomycin regimens ranging from .5 g
intravenous (IV) Q12H to 2 g IV Q12H. The probability of achieving an AUC/MIC ratio = 400 for each dosing
regimen was calculated for minimum inhibitory concentrations (MICs) from .5 to 2 mg/L. The risk of
nephrotoxicity for each regimen was derived from a previously published vancomycin trough-nephrotoxicity
logistic regression function. Restricted analyses were performed that only included subjects with troughs between 15
and 20 mg/L.

Results. At a MIC of 2 mg/L, even the most aggressive dosing regimen considered (2 g every 12 h) only yielded
a probability of target attainment (PTA) of 57% while generating a nephrotoxicity probability upward of 35%_ At
a MIC of 1 mg/L, =3 g per day provided PTA in excess of 80% but were associated with unacceptable risks of
nephrotoxicity. In the restricted analyses of subjects with troughs between 15 and 20 mg/L, all regimens produced
a PTA of 100% at MICs <1 mg/L. The PTA was variable among the regimens at a MIC of 2 mg/L and was highly

dependent on the total daily dose administered.

Conclusions. This study indicates that vancomycin may not be useful for treating serious methicillin-resistant
Staphylococcus aureus (MRSA) infections with MIC values > 1 mg/L where PTA is questionable. Since an AUC/MIC
ratio = 400 is target associated with efficacy, one should consider incorporating computation of AUC when

monitoring vancomycin.

Despite the widespread use of vancomycin in response to
increases in the incidence of methicillin-resistant Staphy-
lococcus aureus (MRSA) both in hospital and the com-
munity, there has been an inadequate examination of its
exposure-response profile against MRSA [1, 2]. The
recent vancomycin therapeutic monitoring guidelines
recommend more aggressive vancomycin dosing
schemes, maintaining vancomycin troughs between 15
and 20 mg/L “based on the potential to increase the
probability of optimal target serum vancomycin con-
centrations, and improve clinical outcomes for
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complicated infections caused by S. aureus” [3]. How-
ever, studies characterizing the pharmacodynamic profile
of the more intensive vancomycin dosing regimens used
in response to the guidelines have not been performed.
When evaluating the exposure-response profile of an
antibiotic, there are several things to consider. First,
therapy should have a high likelihood of achieving the
exposure target associated with maximal response
among the pathogens likely to be encountered in clinical
practice. While a variety of pharmacodynamic indices
have been suggested for vancomycin, data suggest that
a near maximal bactericidal effect is achieved against
MRSA when the ratio of the vancomycin area under the
concentration-time curve and the minimum inhibitory
concentrations (AUC/MIC) exceeds 400 [4-7].
Examination of effect alone is not sufficient when
describing the exposure-response profile of an antibi-
otic. It is also critical to assess the probability of toxicity
associated with the regimens used in practice. While the
association between vancomycin and neprotoxicity has
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been the subject of considerable debate, recent data suggests that
vancomycin exposure-nephrotoxicity response relationship ex-
ists and the initial vancomycin trough is the pharmacodynamic
index that best describes this association [8-13].

Finally, it is important to recognize that to truly understand the
relationship between drug exposure and the response, these rela-
tionships must be viewed in an integrated fashion. This in-
vestigation sought to characterize exposure-response profiles of
the more intensive empiric vancomycin dosing regimens currently
used in practice in response to the recent vancomycin guidelines.
Monte Carlo simulation was used to quantify the probability of
target attainment (PTA) profile and the risk of nephrotoxicity for
vancomycin dosing schemes of varying intensity over the range of
MRSA MIC values deemed susceptible by CLSI [14]. Since van-
comycin is renally excreted from the body and exposure changes
as a function of creatinine clearance (CLcR), we evaluated these
exposure-response relationships across different renal function
strata. We also examined the pharmacodynamic profile of
maintaining troughs between 15-20 mg/L and 10-15 mg/L.

METHODS

Vancomycin Population Pharmacokinetic Model

Vancomycin exposure profiles were estimated from a previously
published open 2-compartment population pharmacokinetic
(PK) model of 37 patients with varying degrees of renal function
who received vancomycin therapy for a presumed or docu-
mented Gram-positive infection [15-17]. In this model, van-
comycin clearance (CLy) was made proportional to creatinine
clearance (CLcR) plus an intercept term (non-renal clearance
estimate). The mean (standard deviation) values of the PK pa-
rameter estimates were: volume of distribution (Vd) = 18.25
(8.88) L, CLiptercept = 48 (.30) L/h, CLgope = .83 (.67) L/h,
intercompartmental rate constant from the central compartment
to the peripheral compartment (K.,) = 2.36 (4.22) h™!, and
intercompartmental rate constant from the peripheral com-
partment to the central compartment (K,.) = 2.27 (7.08) h™ L

Monte Carlo Simulation
A series of 9999 subject Monte Carlo simulations (MCS) were
performed for vancomycin dosing regimens using total daily
doses ranging from 1 to 4 gin 1 g increments, divided every 12 h
(500 mg intravenous [IV] Q12H, 1000 mg IV QI12H, 1500 mg
IV QI2H, and 2000 mg IV Q12H) [18]. For each simulated
regimen, the estimated CLcg was fixed at values of 1.2, 2.4, 3.6,
4.8, 6.0, and 7.2 L/h. Parameter values from the lognormal
distributions were used to simulate plasma concentration-time
curves for dosing regimens. Plasma concentration-time profiles
were not adjusted for protein binding.

The AUC;, 961, Was determined for each regimen at the 6
prespecified CLcr values. The AUC;, 96, was calculated by

integrating the plasma concentration-time profile from time
zero (start of administration) to 72 and 96 h after start of ad-
ministration and taking the difference between AUC,_;,;, and
AUC,_g¢p,. For each regimen simulated, the fraction of subjects
achieving an AUC;, 9,/MIC ratio =400 within each CLcgr
stratum was calculated for MIC values from .5 mg/L to 2 mg/L.
The AUC;, ¢, was used as the AUC exposure endpoint for
efficacy because it closely approximates 24-h steady state AUC
values (AUC exposure evaluated in previous analyses) and aligns
with the Cmingg}, endpoint for toxicity (see below).

To assess probability of toxicity, vancomycin trough concen-
trations at hour 96 (Cminyg,) were simulated for each regimen at
the 6 prespecified CLcg values. The initial vancomycin trough
nephrotoxicity logistic regression function from our previous
publication was used to assess the median (interquartile range)
probability of nephrotoxicity for each of the simulated vanco-
mycin dosing regimens within each CLcg stratum [8]. The like-
lihood of nephrotoxicity was estimated separately for intensive
care unit (ICU) and non-ICU patients. Since our initial model
was derived from a population with initial trough <30 mg/L, we
did not estimate the probability of nephrotoxicity for CLcg strata
with estimated median trough in excess of 30 mg/L [8].

INTEGRATED PROBABILITY OF TARGET
ATTAINMENT AND NEPHROTOXICITY
ANALYSIS

To estimate overall probability of achieving an AUC/MIC ratio
=400 and risk of nephrotoxicity for each vancomycin regimen,
a 9999 subject Monte Carlo simulation was performed for each
of the 4 vancomycin dosing regimens using the mean (standard
deviation) CLcg value from a 415-subject nosocomial pneu-
monia (NP) clinical trial as the estimate of CLcy variability [19].
The mean (standard deviation) for this population was 5.3
(2.58) L/h. The AUC;,.9¢, and Cmingg, was estimated for each
regimen, and the fraction of subjects achieving an AUC/MIC
ratio =400 for MIC values of .5 mg/L to 2 mg/L was calculated.
The risk of a nephrotoxic event among ICU and non-ICU pa-
tients for each regimen was determined as described above.
Restricted analyses were also performed that only included
subjects among the 4 simulated vancomycin regimens that
achieved Cmingg, values between 15-20 and 10-15 mg/L. In
these restricted analyses, the fraction of subjects achieving an
AUC/MIC ratio =400 for MIC values of .5 to 2 mg/L was
calculated for each regimen.

RESULTS

The median (IQR) AUC;, 96, and Cmineg, values, stratified by
CLcg, for the vancomycin dosing regimens from the MCS
analysis are displayed in Table 1. As one would expect, there was
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Table 1. Median (Interquartile Range) AUC, 54, and Cmingg, Values From the Monte Carlo Simulation Analysis for Four Vancomycin

Dosing Regimens, Stratified by CLcg

CLCR 1.2 L/h 2.4 L/h 3.6 L/h 4.8 L/n 6.0 L/h 7.2 L/h
500 mg IV every 12 h
AUC72-96h 607 (414-846) 396 (265-563) 296 (199-429) 237 (158-346) 197 (132-292) 169 (112-251)
Cmin96h 18.5 (11.6-27.3) 10.6 (56.9-16.7) 6.9 (3.5-11.7) 4.9 (2.1-8.7) 3.6 (1.3-6.8) 2.7 (.9-5.5)
1000 mg IV every 12 h
AUC72-96h 1214 (827-1693) 792 (530-1127) 593 (398-857) 474 (315-692) 395 (262-581) 338 (224-503)
Cmin96h 37.0 (23.1-54.6) 21.2 (11.9-33.3) 13.9 (6.9-23.4) 9.7 (4.2-17.5) 7.2 (2.7-13.7) 5.5 (1.7-11.1)
1500 mg IV every 12 h
AUC72-96h 1822 (1241-2539) 1188 (795-1690) 889 (596-1286) 710 (473-1039) 591 (396-875) 508 (337-754)
Cmin96h 55.7 (34.7-82.0) 31.7 (17.8-50.5) 20.7 (10.3-34.9) 14.6 (6.4-26.5) 10.8 (4.1-20.5) 8.2 (2.6-16.7)
2000 mg IV every 12 h
AUC72-96h 2429 (1655-3385) 1588 (1076-2276) 1182 (793-1712) 947 (631-1385) 789 (5628-1166) 677 (452-1010)
Cmin96 74.3 (46.3-109.3) 42.3 (23.8-67.3) 27.7 (13.7-46.5) 19.4 (8.5-35.3) 14.3 (5.4-27.4) 10.9 (3.4-22.2)

an inverse relationship between AUC;;.94, and CLcg, and
Cmingg, and CLcg among all dosing strategies evaluated. The
relationship between AUC;, g6, and Cmingg, varied across the
different dosing regimens and CLcr. The Cmingg, value asso-
ciated with an AUC;, g6}, given value was highly dependent on
the dose administered and CLcr. Analogously, discordant
AUC;; .96, values were observed for dosing regimens with sim-
ilar Cminggy, values.

The probability of achieving an AUC/MIC ratio =400,
stratified by MIC value and CLcg, is displayed in Table 2. At
a MIC value of .5 mg/L, the PTA exceeded 80% across CLcgr
values when the total daily vancomycin dose was =2 g. Ata MIC
value of 1 mg/L, the probability of achieving an AUC/MIC =
400 was variable. The PTA was <80% for most CLcy strata with
500 mg IV QI2H or 1000 mg IV Q12H. In contrast, the PTA
exceeded 80% with 1500 mg IV Q12H or 2000 mg IV Q12H for
most CLcg strata. At a MIC of 2 mg/L, the probability of
achieving an AUC/MIC = 400 was <80% for all regimens
except 2 g IV QI2H at CLcg values of 1.2 and 2.4 L/h.

The probability of a nephrotoxic event for each vancomycin
dosing regimen, stratified by ICU status and CLcp, is displayed
in Table 3. Across all CLcg strata, there was a dose-response
relationship between ascending daily doses of vancomycin ad-
ministered and the risk of nephrotoxicity and likelihoods were
highest among ICU subjects. At all doses evaluated, the proba-
bility of a nephrotoxic event and CLcr were inversely related.

Using the distribution of CLcg from a NP clinical trial [19],
the overall probability of achieving an AUC/MIC ratio =400
and risk of nephrotoxicity for each vancomycin dosing regimen
is displayed in Table 4. Both the overall PTA and probability of
a nephrotoxic event increased as the intensity of the vancomycin
daily dose increased. The probability of a nephrotoxic event also
increased as a function of dosing frequency and ICU status.
Similar to the stratified CLcg PTA analyses, PTA was suboptimal
at an MIC value of 2 mg/L. At a MIC of 1 mg/L, =3 total g per

day provided PTA in excess of ~80%, but these dosing schemes
were associated with considerable risks of nephrotoxicity, es-
pecially for subjects in the ICU.

The results of the restricted analysis that assessed probability
of achieving an AUC/MIC ratio =400 for MIC values of .5 to 2
mg/L among subjects with Cmingg, values between 15-20 and
10-15 mg/L for each simulated regimen are displayed in Figures
1 and 2, respectively. When Cmingg, values were restricted to
15-20 mg/L, the observed PTA was 100% at MIC values of .5
and 1 mg/L for all regimens. In contrast, the PTA was variable
among the regimens at a 2 mg/L and was highly dependent on
the daily dose administered. A more favorable PTA at a 2 mg/L
was observed with higher daily doses relative to lower daily doses
yielding the same trough range (15-20 mg/L). When the analysis

Table 2. Probability of Achieving an AUC/MIC Ratio of 400 for
Each Vancomycin Regimen Stratified by Renal Function

CLCR 1.2L/h 24L/h 36LNK 48LH 60L/N 7.2L/A

500 mg IV every 12 h
0.5mg/L  94% 87% 75% 61% 49% 39%
1.0mg/lL  77% 49% 29% 17% 10% 6%
20mg/L  29% 8% 2% 1% 0.3% 0.2%
1000 mg IV every 12 h
0.5mg/L  98% 97% 95% 92% 86% 80%
1.0mg/L  94% 87% 75% 61% 49% 39%
20mg/L  77% 49% 29% 17% 10% 6%
1500 mg IV every 12 h
0.5mg/L  99% 98% 98% 97% 96% 93%
1.0mg/L  97% 95% 90% 82% 74% 66%
20mg/L  89% 75% 57% 42% 30% 22%
2000 mg IV every 12 h
0.5mg/L  99% 99% 99% 99% 98% 97%
1.0mg/L  98% 97% 95% 92% 87% 81%
20mg/L 94% 87% 75% 61% 49% 39%
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Table 3. Median (Inter-quartile Range) Probability of a Neprotoxic Event for Each Vancomycin Regimen Stratified by Renal Function

Residence in non-ICU

Residence in ICU

CLCR 0.5g Q12H 1gQ12H 1.5 9 Q12H 29 Q12H 0.5g Q12H 1gQ12H 159 Q12H 29 Q12H
1.2 Lh 15 (7-34) NA NA NA 37 (21-63)  NA NA NA

2.4 L/h 7 (4-13) 20 8-NA)  NA NA 19(12-32)  45(21-NA)  NA NA

3.6 L/h 4 (3-8) 10 (4-25) 19(6-NA)  35(9-NA)  13(9-21) 26 (13-52) 44 (18-NA) 64 (25 - NA)
4.8L/h 3 (3-5) 6 (3-14) 10 (4-32) 17 (6-NA) 11 (8-16) 17 (10-35) 27 (12-61) 40 (15 - NA)
6.0 L/h 3 (2-4) 5 (3-9) 7 (3-19) 10 (4-35) 9 (7-13) 13 (8-25) 19 (10-43) 27 (11-63)
7.2 L/h 3 (2-4) 4 (2-7) 5 (3-13) 7 (3-22) 8 (7-11) 11 (7-20) 15 (8-32) 19 (9-48)

NOTE. NA: not applicable. The initial logistic regression model only included a limited number of patients with troughs >30 mg/L

was restricted to patients with Cmingg, values between 10 and 15
mg/L, the observed PTA was 100% at a MIC value of .5 mg/L
and variable at 1 and 2 mg/L. Similar to the 15-20 mg/L PTA
analysis, PTA varied as a function of daily dose.

DISCUSSION

Overall, we found that the more intensive vancomycin dosing
regimens empirically used in practice in response to the recent
vancomycin guidelines were not consistently capable of effec-
tively achieving an acceptable PTA at higher MIC values nor
were they able to keep toxicity to a minimum. When one takes
an expectation over the CLcg values likely to be encountered in
clinical practice (for this we used the distribution of CLcR from
a NP clinical trial), even the most aggressive dosing regimen (4 g
IV daily) considered only yielded a PTA of 57% at an MIC value
of 2 mg/L while increasing the risk of nephrotoxicity upward of
35%, Total daily doses <4 g daily have even lower PTA, albeit
with slightly lower toxicity burdens and cannot be recom-
mended for therapy when MIC values equal 2.0 mg/L. More
intensive dosing regimens cannot be considered because the risk
of toxicity is too great.

For MRSA infections with a MIC value of 1 mg/L, the PTA
values were improved relative to those seen at an MIC of 2 mg/L.
Despite this improvement in PTA, the PTA was highly variable
across CLcg strata when daily doses of <2 g were used. Van-
comycin regimens consisting of at least 3 g daily were necessary

Table 4. Overall Probability of Achieving an AUC/MIC Ratio of
400, by MIC Value, Versus the Probability of a Nephrotoxic Event

AUC/MIC ratio =400 Nephrotoxic event
0.5mg/L 1.0mg/L 2.0mg/L  Non-ICU ICU

MIC value (%) (%) (%) (%) (%)
500 mg IV Q12H 57 15 0.7 3 10
1000 mg IV Q12H 90 57 15 6 16
1500 mg IV Q12H 97 79 38 9 25
2000 mg IV Q12H 98 90 57 14 34

to achieve PTA values ~80% at a MIC value of 1 mg/L. How-
ever, dosing regimens containing at least 3 g daily were associ-
ated with an elevated risk of nephrotoxicity, especially among
subjects with lower CLcR values and for those residing in the
ICU. It was only at a MIC value of .5 mg/L when both PTA and
nephrotoxicity risks were highly acceptable at doses >1 g per
day. This may be the only scenario where vancomycin can be
effectively used without an excessive probability of a nephro-
toxic event.

Another noteworthy finding in our analysis was the high
degree of variability between AUC;; o6, and Cminggy, values. The
recent vancomycin guidelines recommend monitoring trough
concentrations as a surrogate for AUC values. This recom-
mendation is troubling because we observed a wide range of
AUC values from several different dosing regimens yielding
isometric Cmin values and vice versa. The AUC,, ¢, associated
with a given trough value was highly dependent on the daily
dose administered and the CL¢p.

The therapeutic discordance between AUC;,_ g, and Cminggy,
values is further highlighted by the restricted PTA analyses, which
only considered subjects with Cmin of 15-20 mg/L for each
simulated regimen (Figure 1). Although PTA was highly accept-
able for MIC values <1 mg/L for all regimens, PTA at 2 mg/L was
variable and highly dependent on the daily dose administered.

100 o
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Figure 1.  Probability of achieving AUC/MIC ratio = 400 for vancomycin
regimens of varying intensity when Cmin values were between 15 and 20
mg/L. Among the 9999 subjects simulated, the total number of subjects
with Cmin values 15-20 mg/L were (A) 406 subjects (0.5G Q12h), (B) 1100
subjects (1G Q12h), (€) 1190 subjects (1.5G Q12h), and (D) 1096 subjects
(2G Q12h).
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Figure 2. Probability of achieving AUC/MIC ratio =400 for vancomycin
regimens of varying intensity when Cmin values were between 10 and 15
mg/L. Among the 9999 subjects simulated, the total number of subjects
with Cmin values 10-15 mg/L were (4) 1091 subjects (0.5G Q12h), (B)
1690 subjects (1G Q12h), (C) 1508 subjects (1.5G Q12h), and (D) 1177
subjects (2G Q12h).

This finding is not surprising because the AUC is the integrated
quantity of drug exposure (the serum drug concentration time
curve) over a defined interval and reflects the cumulative exposure
over time. In contrast, the Cmin represents a single exposure
point at the end of the dosing interval. It is unreasonable to expect
a single exposure point at the end of the dosing interval to be
representative of the entire concentration-time interval. It is also
important to note that, while PTA was variable, the risk of
nephrotoxicity was the same for all regimens producing Cmin
values of 15-20 mg/L, regardless of total daily dose, since neph-
rotoxicity is more closely linked to the Cmin than the AUC.

While Cmin appears to be a good marker of likelihood of
toxicity, these data call into question the practice of monitoring
trough values for effect. Our data demonstrated that Cmin
values between 15 and 20 mg/L do not consistently result in
AUC/MIC ratios =400 when the MIC is 2 mg/L. Conversely,
regimens producing troughs of 15-20 mg/L are not always
needed to achieve an AUC/MIC ratios =400 when the MIC is 1
mg/L. Since an AUC/MIC ratio =400 is considered to be the
most important pharmacodynamic parameter associated with
positive clinical outcome, one should consider incorporating
computation of AUC when monitoring vancomycin therapy
rather than solely using Cmin as a surrogate for both effect and
toxicity. We support the use of Cmin monitoring for assessment
of a subject’s probability of experiencing a nephrotoxic event
while on vancomycin therapy but believe AUC calculations are
warranted if AUC/MIC ratio =400 is truly the pharmacody-
namic target of interest, especially when the MIC value is 2 mg/
L. Calculation of AUC can be accomplished by dividing the daily
dose by clearance, where clearance is estimated by CLcg. Al-
ternatively, CLy can be more accurately calculated in a patient
by taking 2 or 3) timed sample measurements (ie, Cmax and
Cmin). Although, determination of the vancomycin Cmax has
been promoted as unnecessary, measurement of this value can
improve estimation of AUC to optimize effect.

Our findings also question the need for trough values of
15-20 mg/L for all patients. Our results indicate that regimens
producing trough values in excess of 15 mg/L are not always
necessary to provide an AUC/MIC ratio =400, especially if the
MICis <1 mg/L (Figure 2). By minimizing the trough needed to
achieve the desired AUC value, we may be able to reduce the risk
of nephrotoxicity associated with vancomycin.

Several things should be noted when interpreting these re-
sults. First, the pharmacodynamic target for vancomycin (AUC/
MIC ratio =400) against MRSA is based on limited clinical data.
The best data available are from a retrospective evaluation of
patients with S. aureus in a community hospital over a 1 year
period [4]. There were only a small number of MRSA isolates in
the database, and a number of the patients had combination
agent chemotherapy. Nonetheless, a number of different anal-
yses identified AUC/MIC ratios of 350—400 (total drug) as being
related to clinical outcome for patients with Staphylococcal
nosocomial pneumonia, and this is consistent with in vitro and
animal model studies [4-6,20-24]. Although these are the best
available data to date, it highlights the major importance in
identifying a better estimate of the pharmacodynamic target for
good clinical response than that currently available.

Second, the pharmacodynamic target for vancomycin (AUC/
MIC ratio =400) was based on broth microdilution (BMD)
MIC testing [4]. Similar to most mathematical expressions, the
denominator drives this relationship. The higher the MIC value,
the lower the measure of drug exposure relative to the MIC and
the lower the level of the expected microbiological effect. This is
important to note because of the increased use of Etest to
quantify MIC values and data showing Etest yield higher MIC
values relative to BMD for a given MRSA strain [25]. For now,
our results should be viewed in relation to BMD results and
clinical studies are needed to define the AUC/MIC ratio needed
for maximal effect using the Etest as the measure of potency.

Third, there is little information available with regard to the
protein binding of vancomycin. Previous reports have differed
considerably with respect to the amount of free drug [26]. It is
therefore a high priority to identify the range of protein binding
observed clinically for this agent so that the free drug AUC/MIC
ratio target can be properly estimated and the true therapeutic
window for vancomycin be elucidated for seriously ill patients.
Fourth, our results only apply to serious infections due to
MRSA. Our results should not be generalized for less severe
infection types and other pathogens.

Overall, this study demonstrated that the utility of vanco-
mycin be questioned for MRSA isolates with an MIC >1.0 mg/L
where PTA is questionable. Total daily doses of vancomycin <4
g were not able to achieve an acceptable PTA for infections with
an MIC value of 2 mg/L. For infections with an MIC value of
1 mg/L, only aggressive doses of vancomycin were able to ach-
ieve a satisfactory PTA but with a high risk of nephrotoxicity,
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especially for patients residing in the ICU. Given the prevalence
of patients with MRSA infections with MIC values >1 mg/L, our
results indicate that vancomycin cannot safely achieve the de-
sired PD target. In these patients, alternative anti-MRSA agents
should be considered. Before other agents can be definitively
recommended over vancomycin, data are sorely needed to de-
termine whether alternative antibiotic can remedy the outcomes
observed with vancomycin for MRSA infections with high
vancomycin MIC values >1 mg/L. In addition, further studies
are needed to determine if optimization of vancomycin therapy
can improve outcomes without subjecting patients to an in-
creased risk of vancomycin-related toxicities.
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