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INTRODUCTION
Because of the emergence of community-associated strains, invasive methicillin-resistant
Staphylococcus aureus (MRSA) infections have increased substantially among pediatric
patients(1, 2). At the present time, vancomycin remains the drug of choice for the treatment
of invasive MRSA infections. However, increased minimum inhibitory concentration (MIC)
even within the susceptible range is a risk factor for vancomycin treatment failure in adults
with invasive MRSA infections(3-5). National increases in the median vancomycin MIC (so
called “MIC creep”) and heteroresistance are additional concerns considering the reported
cases associated with vancomycin failure(6-8). Accordingly, this shifting MIC pattern has
led to recommendations of using increased vancomycin doses or alternative agents (e.g.
linezolid, daptomycin, etc.) for invasive MRSA infections with isolates having MIC at the
upper level of the susceptible range(5, 9, 10).

Area-under-the-concentration-time-curve (AUC) for 24 h divided by the MIC (AUC24/MIC)
best predicts treatment outcomes when treating invasive MRSA infection in adults.
Specifically, an AUC24/MIC >400 for vancomycin is associated with optimal outcomes in
the treatment of adults(11). However, achievement of this target in MRSA isolates with MIC
of 1-2 μg/ml often requires increased vancomycin dosing, particularly in those patients with
normal renal function. Most children have increased renal function compared with adults
and thus would be expected to be even less likely to achieve AUC24/MIC >400 in serious
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MRSA infection. It is unknown whether the recommended vancomycin dosing for children
results in an AUC24/MIC >400.

At our institution treatment failures has anecdotally been observed in patients with invasive
MRSA infections and initial vancomycin trough concentration < 5 μg/ml. We hypothesized
that these failures could be due, in part, to inadequate vancomycin exposure, even with those
susceptible isolates having MIC of 1 μg/ml. We predicted that outcomes could be improved
by using an increased initial dose. The objective of this study was to estimate the AUC24/
MIC for vancomycin using two recommended doses across the spectrum of MIC values
encountered at our hospital.

MATERIAL AND METHODS
We developed a model to predict Vancomycin AUC24/MIC in children ages 2-12 years old.
AUC24 was calculated as:

This calculated AUC24 was then divided by representative MIC of MRSA isolates (see
‘MIC for MRSA Isolates’ below) to obtain an AUC24/MIC. Neonates and infants were
excluded because of their rapid maturational changes in renal function and uniqueness as a
population compared to children with respect to vancomycin clearance.

Vancomycin Daily Dose
Major pediatric dosing references recommend a vancomycin daily dose of 40 mg/kg/day for
empiric therapy (12-14). A dose of 60 mg/kg/day is recommended for central nervous
system infections. Therefore, we calculated AUC24/MIC for vancomycin daily doses of both
40 and 60 mg/kg/day.

Vancomycin Clearance (CL)
Estimates for vancomycin CL were obtained by two approaches: 1) vancomycin CL
calculated based on vancomycin serum levels and 2) vancomycin CL calculated using
previously derived predictor models based on covariates (height, weight, serum creatinine,
etc.).

1) Vancomycin CL estimates from vancomycin serum levels—Four studies were
identified in which vancomycin CL was calculated based on direct measures of vancomycin
levels in children(15-18). In one study(17) a recalculated vancomycin CL was required to
account for vancomycin infusion time (19), which had not been taken into account by the
authors. In this same study a weighted average of vancomycin CL from the three reported
age groups (mean age of groups 3.9, 5.6, and 7.6 years) was calculated to obtain an overall
mean vancomycin CL in children. The mean vancomycin CL for each study was: 0.114(15),
0.103(16), 0.157(17) and 0.110 L/hr/kg(18) respectively.

2) Vancomycin CL estimates from Predictor Models—Vancomycin CL was
calculated using 7 previously derived predictor models and applied to a hypothetical
population of children. Six models were derived from adults(20-25) and one from
children(15). All models incorporated creatinine clearance (CrCL) as the major predictor of
vancomycin CL (see Appendix). For each age, an average CrCL was calculated using the
Schwartz Formula and reported mean serum creatinine, height, and weight in
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children(26-28). CrCL estimates were then denormalized by body surface area using the
Mosteller formula(29) (BSA = √(Wt*Ht/3600)). The estimated CrCL values were then used
in each predictor model to obtain vancomycin CL.

MIC for MRSA Isolates
For representative MIC of MRSA isolates, pediatric cultures at the University of California,
San Francisco Children’s Hospital from July 2007 to June 2008 were reviewed. Vancomycin
MIC was determined using a standard microtiter dilution technique with custom-made
panels from the University of California Los Angeles (Clinical and Laboratory Standards
Institute approved). The percentage of MRSA isolates with MIC ≤ 0.5, = 1.0, and = 2.0 μg/
ml were 40, 59, and 1% respectively. The MIC50/90 was 1.0 μg/ml.

RESULTS
1) AUC24/MIC using vancomycin CL estimates from vancomycin serum levels

Using reported vancomycin CL in children, predicted AUC24/MIC for vancomycin at doses
of 40mg/kg/day and 60 mg/kg/day are shown in the Table. For MRSA isolates with an MIC
0.5 μg/ml, both doses achieved AUC24/MIC >400. For isolates with an MIC of 1.0 μg/ml,
the 40 mg/kg/day dose always predicted an AUC24/MIC <400. On the other hand, the 60
mg/kg/day dose achieved an AUC24/MIC >400 in three of the four predictions when MIC
was 1.0 μg/ml. For MIC of 2.0 μg/ml, all AUC24/MIC predictions were well below 400 for
both doses.

2) AUC24/MIC using vancomycin CL estimates from Predictor Models
Using predictor models of vancomycin CL, estimated AUC24/MIC for vancomycin when
MIC was 0.5 μg/ml was always > 400 for each model at both 40 and 60 mg/kg/day (data not
shown). The predicted AUC24/MIC for each model at MIC of 1.0 and 2.0 μg/ml are
displayed in Figure 1. When MIC was 1.0 μg/ml, estimates for AUC24/MIC at a dose of 40
mg/kg/day were always <400 (Figure 1A). In contrast, when MIC was 1.0 μg/ml, a dose of
60 mg/kg/day produced an AUC24/MIC >400 for four of the seven models across all of the
ages. For the other three models, achieving AUC24/MIC >400 was only seen at older ages
(Figure 1B). When MIC was 2 μg/ml, AUC24/MIC was consistently <400 in each model at
all ages (Figure 1C and D).

DISCUSSION
In this study, vancomycin AUC24/MIC was modeled in children receiving the recommended
pediatric dosages of 40 mg/kg/day or 60 mg/kg/day across a range of MIC values. Two
separate methods of calculation were used in the analysis. With a dose of 40 mg/kg/day, the
AUC24/MIC target of >400 was achieved only when the MIC of MRSA isolates was 0.5 μg/
ml. For MRSA isolates with MIC ≥ 1.0, the AUC24/MIC was always <400 at this dose. At a
dose of 60 mg/kg/day, the ability to achieve AUC24/MIC >400 was greatly improved if the
MIC was 1.0 μg/ml. But, if the MIC was 2.0 μg/ml, the 60 mg/kg/day dose still predicted
AUC24/MIC well below 400. The general agreement of both methods in this study lends
validity to the results.

Ours is the first study to examine vancomycin AUC24/MIC in the treatment of MRSA
infection in children. Expanding animal and adult literature strongly suggests that AUC24/
MIC is the best measure of vancomycin activity and achieving an AUC24/MIC > 400 results
in optimal outcomes for the treatment of invasive MRSA infections(9, 11). Whether this
relationship applies to children is yet to be determined. Clinical studies evaluating AUC24/
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MIC and clinical outcome in children will be important as we attempt to optimize
vancomycin therapy in this population.

Vancomycin is commonly used for the treatment of suspected or proven invasive MRSA
infections in children, yet studies examining its pharmacokinetics in this population are
limited. In our first approach for the prediction of AUC24/MIC in children, we used
vancomycin clearance estimates from four pediatric studies(15-18). All four predicted
similar vancomycin AUC24/MIC values but those predicted by Schaad, et al. were slightly
lower for each prediction given the greater clearance estimate. Of note, two of the other
studies included infants(15, 16). Considering that kidney function in infants is reduced
compared to children and the major route of elimination for vancomycin is the kidney, the
vancomycin clearance reported from these two studies likely underestimates the true
vancomycin clearance of children. Therefore, the predictions from these two studies
possibly overestimate AUC24/MIC. Our second approach utilizing predictor models of
vancomycin clearance were generally in agreement with AUC24/MIC values calculated
using vancomycin clearance estimates from the pediatric literature. The only exception was
for three of the prediction models that did not achieve AUC24/MIC >400 specifically in
younger children at a dose of 60 mg/kg/day and MIC of 1.0 μg/ml (Figure 1B). Of these
three, the Birt and Rodvold model calculated very high non-renal clearance components
unlikely to be seen in young children (23, 25) while the Ambrose model expressed
vancomycin clearance as equal to the creatinine clearance(24) (see Appendix). These
approaches would be expected to bias the results toward underestimating AUC24/MIC.

Our analysis represents basic modeling work and not patient data. Modeling allows for
initial insight without the cost, time and possible safety concerns associated with additional
pediatric clinical trials. Actual reported study data from pediatric patients was used for the
majority of calculations. Unfortunately, the pharmacokinetic and pharmacodynamic
literature on vancomycin use in children is limited, and much of the reported data originated
from combined study populations of infants and children. Furthermore, assumptions were
made for the predictor models of vancomycin CL, as most predictor models were derived
from adult data. However, these two potential population biases would be expected to skew
our results towards greater AUC24/MIC values as both infants and adults generally have
decreased renal function when compared to children. Nonetheless, it will be important to
validate AUC24/MIC levels in children.

Vancomycin serum trough levels are routinely recommended to optimize dosing and to
monitor for toxicity. Goal troughs of 5-15 μg/ml for non-CNS MRSA infections have been
suggested(24). However, with the emergence of MIC creep and in the light of increasing
reports of treatment failures, recommendations for achieving vancomycin serum troughs of
15-20 μg/ml have been made for certain adult populations(10). Reports of serum
vancomycin trough levels with standard dosing in children suggest that substantially lower
trough levels are common. In a study of infants and children treated for suspected
staphylococcal infections, vancomycin 40mg/kg/day divided every 6 hours achieved goal
troughs (5-15 μg/ml) in only 45% of control patients(15). In those patients with malignancy,
88% of patients required >60mg/kg/day to achieve these goals. Similarly, in a study by
Glover et al.(30), pediatric intensive care unit patients with normal renal function required a
mean dose of 60 mg/kg/day to achieve a mean trough level of 7.8 μg/ml. These data support
the notion that a vancomycin starting dose of 40mg/kg/day is unlikely to achieve
significantly increased vancomycin troughs levels in children.

While increased serum troughs are generally associated with greater AUC, serum trough
does not directly reflect the AUC. The trough is highly dependent on the dosing interval (i.e.
for given daily dose a longer dosing interval results in a lower trough). Therefore, dose
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adjustments based on trough alone may be clinically misleading. If vancomycin exposure
(i.e. AUC) in children is shown to be important, then clinically practical methods of
measuring AUC in children will need to be developed.

Recent reports of MRSA treatment failures can be understood from pharmacodynamic
considerations. At the present time, an MIC of 2.0 μg/ml is considered susceptible. But, our
modeling work shows it is not possible to achieve AUC24/MIC >400 when the MIC is 2.0
μg/ml even at 60 mg/kg/day. This finding has similarly been shown in adults(9, 31).
Consequently, treatment strategies should strongly consider alternative agents, such as
linezolid or daptomycin, for optimal treatment of invasive MRSA infections with MIC ≥2.0
μg/ml. Our work has also shown that using a vancomycin dose of 40 mg/kg/day in children
even when the MIC is 1.0 μg/ml does not achieve AUC24/MIC >400, suggesting this dose
might not be the most appropriate choice if an MIC of 1.0 μg/ml is commonly observed at
the given institution. Additionally, treatment failure with vancomycin in supposedly
susceptible strains (especially when MIC is ≤ 1.0 μg/ml) should raise the suspicion for
heteroresistance.

Because of concerns of increasing vancomycin treatment failures, an MIC50/90 of 1.0 μg/ml
and our modeling work described here, in July 2008 a new vancomycin dosing strategy was
adopted at our institution. For children with normal renal function and suspected or proven
invasive MRSA infections, our initial starting dose is 60 mg/kg/day (15 mg/kg IV q6h).
Based on the results of our study, it is likely that this dosing strategy would be appropriate
for other pediatric institutions that commonly treat staphylococcal isolates with MIC of 1.0
μg/ml.

In summary, the current empiric vancomycin dose recommendation in children of 40 mg/kg/
day is unlikely to achieve the recommended pharmacodynamic target of AUC24/MIC >400
in MRSA with MIC of 1.0 μg/ml or greater. Implications of these findings are: 1) empiric
treatment of invasive MRSA infections in children should consider a vancomycin dose of 60
mg/kg/day; 2) active surveillance of MIC trends is important in starting dose considerations;
3) further pharmacokinetic and pharmacodynamic studies are needed in children to optimize
vancomycin dosing.

Appendix – Vancomycin clearance prediction equations
Ambrose method(24): CLvanco (mL/min) = CrCL

Chang method(15): CLvanco (ml/min) = (CrCL × 0.7099) + 1.4084

Birt method(25): CLvanco (mL/min) = (0.674 × CrCL) + 13.45

Burton revised method(21): CLvanco (L/hr) = CrCL (mL/min) × 0.048

Rodvold method(23): CLvanco (mL/min per 1.73 m2) = (CrCL [mL/min per 1.73 m2] ×
0.79) + 15.7

Bauer method(20): CLvanco (mL/min/kg) = (0.695 × CrCL [mL/min/kg]) + 0.05

Matzke method(22): CLvanco (mL/min) = (CrCL × 0.689) + 3.66

(CLvanco = vancomycin clearance. Creatinine clearance (CrCl) units are in mL/min unless
otherwise noted.)
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Figure 1.
Predicted AUC24/MIC in children (2-12 years old) receiving vancomycin using reported
prediction models of vancomycin clearance. Doses of 40 mg/kg/day and 60 mg/kg/day were
evaluated at MIC of 1.0 and 2.0 μg/ml. See appendix for each model’s vancomycin
clearance prediction equation.
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