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Abstract

Background In adults, the area under the concentration—
time curve (AUC) divided by the minimum inhibitory
concentration (MIC) is associated with better clinical and
bacteriological response to vancomycin in patients with
methicillin-resistant Staphylococcus aureus who achieve
target AUC/MIC > 400. This target is often extrapolated to
pediatric patients despite the lack of similar evidence. The
impracticalities of calculating the AUC in practice means
vancomycin trough concentrations are used to predict the
AUC/MIC.

Objective This review aimed to determine the relationship
between vancomycin trough concentrations and AUC/MIC
in pediatric patients.

Methods We searched the MEDLINE and Embase data-
bases, the Cochrane Database of Systematic Reviews, and
the Cochrane Central Register of Controlled Trials using
the medical subject heading (MeSH) terms vancomycin
and AUC and pediatric* or paediatric*. Articles were
included if they were published in English and reported a
relationship between vancomycin trough concentrations
and AUC/MIC.

Results Of 122 articles retrieved, 11 met the inclusion
criteria. One trial reported a relationship between van-
comycin trough concentrations, AUC/MIC, and clinical
outcomes but was likely underpowered. Five studies found
troughs 6-10 mg/l were sufficient to attain an AUC/
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MIC >400 in most general hospitalized pediatric patients.
One study in patients undergoing cardiothoracic surgery
found a trough of 18.4 mg/l achieved an AUC/MIC >400.
Two oncology studies reported troughs> 15 mg/l likely
attained an AUC/MIC > 400. In critical care patients: one
study found a trough of 9 mg/I did not attain the AUC/MIC
target; another found 7 mg/l corresponded to an AUC/MIC
of 400.

Conclusions Potential vancomycin targets varied based on
the population studied but, for general hospitalized pedi-
atric patients, troughs of 610 mg/l are likely sufficient to
achieve AUC/MIC >400. For MIC>2 mg/l, higher
troughs are likely necessary to achieve an AUC/
MIC >400. More research is needed to determine the
relationships between vancomycin trough concentrations,
AUC/MIC, and clinical outcomes.
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Key Points

Trough concentrations between 6 and 10 mg/l are
likely sufficient to achieve an area under the
concentration—time curve (AUC) divided by
minimum inhibitory concentration (MIC) > 400 in
general hospitalized pediatric patients.

Higher troughs may be required in critically ill,
oncology, surgical, or adolescent pediatric patients to
achieve an AUC/MIC target > 400.

Achievement of AUC/MIC target is highly
dependent on the MIC of the isolated bacteria.
Higher troughs may be empirically required in areas
where MICs are commonly > 1 mg/l.

More research is needed to determine the relation
between vancomycin trough concentrations, AUC/
MIC ratios, and clinical outcomes.

1 Introduction

Vancomycin is a glycopeptide antibiotic that binds to the
peptidoglycan precursor D-alanyl-p-alanine pentapeptide
[1]. It disrupts cell wall synthesis by inhibiting the incor-
poration of monomers into the peptidoglycan chain [1].
Vancomycin has activity against Gram-positive organisms
such as Staphylococcus, including methicillin-resistant S.
(MRSA), Streptococcus, and Enterococcus,
although emerging resistance is a concern [2]. Vancomycin
also has activity against Clostridium difficile and can be
used to treat pseudomembranous enterocolitis if taken
enterally [2]. Additionally, vancomycin is commonly used
in pediatric patients to treat a variety of other organisms
such as resistant S. pneumoniae or coagulase-negative S.
aureus. In pediatrics, vancomycin is recommended by the
Infectious Diseases Society of America (IDSA) for the
treatment of infections caused by MRSA, which include
complicated skin and soft tissue infections, bacteremia,
infective endocarditis, pneumonia, osteomyelitis, septic
arthritis, meningitis, and septic thrombosis [3].
Vancomycin is bactericidal and exhibits time-dependent
killing, meaning that the time for which the concentration
of the drug in the body is above the minimum inhibitory
concentration (MIC) affects the antimicrobial effect [4]. In
mouse models, the area under the concentration—time curve
(AUC) divided by the MIC has been associated with the
antimicrobial activity of vancomycin towards S. aureus [4].

aureus
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Moise-Broder et al. [5] examined the use of vancomycin in
adult patients with pneumonia caused by S. aureus and
found significantly better clinical and bacteriological
response to vancomycin in patients who achieved the target
AUC/MIC >400 than in those who did not. They also
found that bacterial eradication occurred more rapidly
when the AUC/MIC target was achieved [5]. Unfortu-
nately, the same evidence does not exist for pediatric
patients; therefore, a target of AUC/MIC >400 is often
extrapolated from adult patients [3].

The AUC can be calculated as dose/clearance using
patient-specific parameters or population estimates such as
the Rodvold et al. [6] equation or by other methods, such as
those described by Pai et al. (Bayesian method and “sim-
ple” two-concentration analytic equations) [7]. In clinical
practice, calculating the AUC/MIC is difficult, because
determining the AUC with the trapezoidal rule requires
multiple serum concentrations, which may be more diffi-
cult to obtain from children because of inherent limitations
in the ability to obtain multiple blood samples. Given the
impracticalities of calculating the AUC in clinical practice,
it is recommended that clinicians monitor serum van-
comycin trough concentrations as a predictive measure for
AUC/MIC [3].

Various assay methods can be used to quantify van-
comycin concentrations. The ideal analytic method must be
sensitive, precise, accurate, and specific. To be useful in
clinical practice, the assay should also yield quick results.
A recent study by Shipkova et al. [8] revealed a very good
between-system comparability of the concentrations mea-
sured. There were systematic deviations between certain
systems when measuring vancomycin concentrations, but
all results were within the acceptable limits for all systems
[8]. While most MIC data are derived from the Etest, other
automated MIC testing systems are commercially available
and can yield different MIC results [8].

To achieve the target serum AUC/MIC >400, the IDSA
guidelines recommend targeting vancomycin trough con-
centrations of 15-20 mg/l in both adult and pediatric
patients [3]. This recommendation is classified as a mod-
erate-strength recommendation based on expert opinion
[3]. However, the guidelines do acknowledge a lack of
efficacy and safety data for this recommendation for
pediatric patients and cite it as an area that requires addi-
tional research [3]. Additionally, target concentrations for
both pediatric and adult patients will vary based on the site
of infection due to differences in antibiotic penetration to
the site of action. The concern with targeting higher trough
concentrations is the increased risk of adverse drug reac-
tions. McKamy et al. [9] found that higher vancomycin
troughs, > 15 mg/l, were more likely to be associated with
nephrotoxicity. In addition to a lack of efficacy, a concern
with targeting lower trough concentrations is the potential
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development of resistant organisms. A recent meta-analysis
found that, in pediatric  patients, vancomycin
doses > 60 mg/kg/day were more likely to attain a target
trough of 10-20 mg/l and a target AUC/MIC >400 com-
pared with doses <60 mg/kg/day, yet the relation between
vancomycin troughs and the AUC/MIC remains relatively
unclear [10]. The aim of this review is to describe the
relationship between vancomycin serum trough concen-
trations and AUC/MIC in pediatric patients.

2 Methods

We conducted a literature search of the MEDLINE (1946—
October 2017) and Embase (1974-October 2017) data-
bases, the Cochrane Database of Systematic Reviews
(CDSR), and the Cochrane Central Register of Controlled
Trials (CENTRAL) with the medical subject headings
(MeSH) vancomycin and AUC or area under the curve and
pediatric* or paediatric*. Reference lists of included arti-
cles were reviewed for additional articles. Articles were
included if they were in English and reported either a
relation between vancomycin trough concentrations and
AUC/MIC ratios in pediatric patients or between the mean
or median vancomycin trough concentrations and the cor-
responding AUC/MIC ratio. We considered a relation to be
a correlation coefficient, positive or negative predictive
values, or estimated or predicted troughs that corresponded
to a specific AUC/MIC, or vice versa. Narrative reviews,
conference abstracts, case reports, case series, in Vivo
animal data, and in vitro data or studies involving van-
comycin continuous infusions were excluded, as were
articles that reported only an AUC without the AUC/MIC
ratio and were not clear about the MIC used in the study.
Finally, we also excluded articles that reported a trend in
trough results and a trend in AUC/MIC ratios without
reporting means, medians, or a relation between the results
in such a manner that a meaningful association could be
determined. All titles and abstracts were reviewed by one
reviewer, and the full text was retrieved for potentially
eligible articles. Two reviewers independently reviewed all
full-text articles for inclusion, and all disagreements were
resolved by a third reviewer. Data extracted from each
study included design, population, outcomes, method used
to calculate AUC, and vancomycin assay used.

3 Results

The literature search identified 122 articles. After duplicate
results were excluded and titles and abstracts screened, 24
full texts were independently screened for inclusion in the
review [10-33] (Fig. 1). The kappa score for inter-rater

Articles identified through
database searching

(N=122)
Excluded based on title
(N=83)
v
Abstracts screened for inclusion

(N=39) Duplicates excluded

 E— (N=5)

v Full text articles excluded (N=13
Full texts screened for e Did not report AUC/MIC or MIC
inclusion (N=2)

(N=24) —| e Reported ranges of troughs and
AUC/MIC without relation, means or
medians (N=4)

L e AUC/MIC relation to dose not trough

(N=4)
e Specific pharmacokinetic parameters
not reported (N=3)

Articles included
(N=11)

Fig. 1 Search strategy flow diagram. AUC area under the curve, MIC
minimum inhibitory concentration

agreement during the full-text review was 0.6, which is
considered a moderate level of agreement. A total of 11
articles met the inclusion criteria and were evaluated in this
review [13, 14, 17, 20, 26-29, 31, 33, 34] (Table 1). Five
studies reported the relationship between AUC/MIC and
vancomycin trough concentrations in general hospitalized
pediatric patients [17, 25-27, 33], one included pediatric
patients undergoing cardiothoracic surgery (CTS) [13], two
studied pediatric oncology patients [14, 31], two examined
critically ill pediatric patients [20, 34], and one evaluated
adolescent patients [27]. We excluded an additional four
studies reporting trends in vancomycin trough and AUC/
MIC ratios but not reporting a relationship between trough
and AUC/MIC ratio and not reporting mean or median
values for trough or AUC/MIC ratio [11, 21, 22, 28].

3.1 General Hospitalized Pediatric Patients

Frymoyer et al. [17] conducted a pharmacokinetic model-
ing and simulation analysis using three previously pub-
lished pediatric vancomycin pharmacokinetic models and
simulated 5000 hypothetical pediatric patients to determine
the vancomycin serum trough concentration predictive of
AUC/MIC >400 based on currently recommended doses.
They used a base patient who weighed 25 kg, with no age
specified, and a base MIC of 1 mg/l. It is concerning that
no age was specified, as pharmacokinetic parameters differ
significantly based on a child’s age. They found that
achieved AUC/MIC targets were highly dependent on the
assumed MIC of the isolated MRSA bacteria. Overall,
depending on the dose and interval, a trough between 7 and
10 mg/l was predicted to achieve an AUC/MIC >400
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in>90% of simulated children. The authors concluded that
goal troughs between 15 and 20 mg/l are likely unneces-
sary to achieve an AUC/MIC >400 in the typical child.

Le et al. [25] conducted a cohort study and Monte Carlo
simulation in 702 hospitalized pediatric patients with a
median age of 6.6 years. A total of 1660 vancomycin
concentrations were measured to determine the pharma-
cokinetic parameters of vancomycin in children using
population-based modeling and to compare target attain-
ment of AUC/MIC > 400 and vancomycin trough concen-
trations > 15 mg/l. They used MIC distributions based on
MIC values of isolates from the two different hospitals,
which ranged from 0.5 to 2.0 mg/l in hospital A and from
0.25 to 2.0 mg/1 in hospital B. Their model demonstrated
that a dose of 70 mg/kg/day achieved a target AUC/
MIC > 400 in 75-85% of subjects, depending on the hos-
pital’s MIC distribution, and only 50% of -children
achieved a trough > 15 mg/l. As the authors identified, a
clinically significant finding was that AUC/MIC ~ 400
corresponded to trough ~ 8-9 mg/I for vancomycin doses
between 60 and 70 mg/kg/day and that targeting a
trough > 15 mg/l may not be warranted.

Ploessl et al. [27] sought to validate a pharmacokinetic
model in a pediatric hospital and to determine correlation
between AUC/MIC and trough vancomycin concentrations
in 40 hospitalized pediatric patients with positive S. aureus
cultures and a median age of 8.5 years. The mean van-
comycin trough was 11+5.5 mg/l, and mean AUC/MIC
was 489 £ 133. There was no statistically significant dif-
ference between mean trough concentrations or doses in
subjects with an AUC/MIC <400 compared with those
with an AUC/MIC > 400 (p = 0.6262). The MIC was the
only significantly different parameter between those who
achieved an AUC/MIC > 400 and those who did not. All
patients in the AUC/MIC>400 group had an MIC of
1 mg/l. When all 40 subjects were included, there was no
correlation between AUC/MIC and trough vancomycin
concentrations (r = 0.29; r* = 0.082; p = 0.07). When an
MIC of 1 mg/ml was assumed to calculate the AUC/MIC
ratio, there was a positive correlation between AUC/MIC
and trough concentrations (r = 0.44; — 0.19;
p = 0.00046). As estimated by the authors, to achieve an
AUC/MIC = 400, the corresponding trough is like-
ly <10 mg/l. One limitation of this study was that the
authors did not report a power calculation; therefore, the
potential exists that no difference was found between the
mean trough concentration or doses in those who attained
an AUC/MIC <400 compared with those with an AUC/
MIC > 400 because the study was not powered to detect a
difference.

Kishk et al. [33] conducted a retrospective chart review
of 36 pediatric patients aged between 2 months and
18 years with positive S. aureus blood cultures who were

determination
MIC values
of 0.5, 1,
and 2 mg/l

MIC

Immunoassay (type NR) Assumed

Vancomycin assay

Method to calculate AUC and clearance

NR

g/l had 64% PPV and 97%
NPV for AUC/(MIC = 1.5) > 400.

Sensitivity 95%, specificity

79%.> 15 m

¢/l had 33.6% PPV and

100% NPV for AUC/(MIC = 2) > 400.

¢/l had 94% PPV and NPV of
Sensitivity 100%, specificity 67%

75% for AUC/(MIC = 1) > 400.
Sensitivity 73%, specificity

95%.> 15 m

Outcome
>15 m,

(N = 10,000 simulated
patients aged 2 months

pediatric oncology
to 17 years)

patients, age NR

Population

Prospective cohort N = 94 critical care
study and Monte
Carlo simulation

Design

et al
[29]
2016

AUC area under the concentration—time curve, CI clearance, CrCl creatinine clearance, CTS cardiothoracic surgery, EMIT enzyme multiplied immunoassay technique, /CU intensive care unit,
K., elimination rate constant, M/C minimum inhibitory concentration, NPV negative predictive value, NR not reported, NS not significant, PK pharmacokinetic, PPV positive predictive value,

QID four times daily, SCr serum creatinine, TID three times daily, Vd volume of distribution, Wr weight

Table 1 continued

Study
Seixas
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treated with vancomycin. There were no significant dif-
ferences in the admitting diagnoses between the two
groups. They used four different methods to calculate the
AUC (Table 1). Their primary objective was to assess the
likelihood of different dosing intervals attaining an AUC/
MIC>400 and to determine the associated serum van-
comycin concentrations. They found that the trapezoidal
lower limit method yielded the highest percentage of
patients achieving an AUC/MIC >400 and that, based on
this method, an AUC/MIC of 400 corresponds to a trough
of 10.98 mg/l. They also looked at clinical outcomes for all
patients who received vancomycin for longer than 24 h
(N = 29). There was no statistically significant difference
in hospital length of stay (19.6 vs. 23.5 days; p = 0.11),
intensive care unit (ICU) length of stay (13.8 vs. 15.6 days;
p = 0.41), or time to first negative blood culture (1 vs.
2 days; p = 0.36) between those who achieved an AUC/
MIC >400 and those with an AUC/MIC <300, respec-
tively. There were no reports of vancomycin-associated
nephrotoxicity in either group. The authors concluded that
the likelihood of achieving an AUC/MIC >400 was highly
variable depending on the method used to calculate the
AUC, and an AUC/MIC of 400 may correlate with a
vancomycin trough of 11 mg/l.

Nassar et al. [26] conducted an observational cohort
study to evaluate the pharmacokinetic parameters of van-
comycin in 51 hospitalized children (median age 5 years)
of different weight groups and to calculate dosing regimens
to achieve therapeutic goals. In total, 64 vancomycin
trough concentrations were drawn in children receiving a
standard regimen of 20 mg/kg twice daily. The mean
vancomycin trough for all children (n = 64 episodes of
infection and corresponding vancomycin troughs from 51
children) was 3.36 +2.58 mg/l, and the mean AUC/MIC
for all children with evidence of a Gram-positive infection
(n = 18 episodes of infection) was 314 £ 186. An AUC/
MIC was calculated for all children, assuming three dif-
ferent MIC values (0.5, 1, and 2 mg/l); the authors con-
cluded that achieving an AUC/MIC >400 was only
feasible if the MIC was < 0.5 mg/l in all weight groups. No
difference was seen between weight groups for any MIC
value. As the authors pointed out, there was no clinically
significant difference in vancomycin trough concentrations
or pharmacokinetic parameters between different weight
groups. However, a power calculation was not reported,
and the potential exists that the trial was underpowered.

3.2 Pediatric Cardiothoracic Surgery Patients

Benefield et al. [12] conducted an observational cohort
study of 54 hospitalized pediatric patients with a mean age
of 1.1 years; 27 underwent CTS and 27 did not. The study
goal was to compare the vancomycin trough concentrations

of CTS and non-CTS patients and to assess the likelihood
of attaining an AUC/MIC target of >400. Mean trough
concentrations and calculated AUC/MIC in CTS patients
was compared with those for non-CTS patients with
assumed MICs of 0.5, 1.0, or 2.0 mg/l (Table 1). Mean
trough values between the CTS and non-CTS groups were
significantly different (CTS 18.4 mg/1 vs. non-CTS 8.8 mg/
I; p<0.01), but there was no difference in AUC/MIC
values between the two groups for any of the MIC values
(Table 1). The authors concluded that the higher trough
concentrations were achieved in CTS patients, and phar-
macokinetic parameters were highly variable in CTS
patients. This study also demonstrated that attaining
troughs of 18 mg/l achieved the AUC/MIC target of >400
when the MIC was <1 mg/l.

3.3 Pediatric Oncology Patients

In a retrospective analysis of vancomycin trough serum
measurements in pediatric oncologic/hematologic patients
hospitalized in the ICU, da Silva et al. [30] aimed to
evaluate suitable dosing regimens for this population. They
obtained 61 vancomycin concentrations in 31 patients with
a mean age of 7 years. MICs ranged from 0.5 to 1.5 mg/l,
with a mode value of 1.0 mg/l, which was used in the
AUC/MIC ratio calculations. Of the 61 vancomycin levels
obtained, the authors found an AUC/MIC>400 in all
instances (n = 23) when the trough was>15 mg/l,
whereas a trough <15 mg/l was associated with an AUC/
MIC >400 in 11 instances and with an AUC/MIC <400 in
27 instances. Therefore, trough concentrations > 15 mg/l
had a positive predictive value (PPV) of 100% and a
negative predictive value of 71% for this population,
assuming an MIC of 1 mg/l. The authors suggested that
higher than usual doses of vancomycin may be required to
treat pediatric patients with oncologic/hematologic
diseases.

Seixas et al. [29] conducted an observational cohort
study in 94 hospitalized pediatric oncology patients (me-
dian age 7.28 years) admitted to the ICU or stem cell
transplant ward. They took 256 vancomycin concentrations
with the aim of obtaining vancomycin pharmacokinetic and
pharmacodynamic data in this population. They also con-
ducted a Monte Carlo simulation with 10,000 virtual
patients. Mean vancomycin trough was 15.6 £ 12.4 mg/l.
Attainment of the AUC/MIC target was highly dependent
on the MIC (Table 1). An AUC/MIC > 400 was attained
for only 37 (14.4%) vancomycin trough concentrations that
were < 15 mg/l. Multivariate logistic regression analysis
found that vancomycin trough concentrations > 20 mg/l
had a significant impact on an increased risk of developing
nephrotoxicity, with an odds ratio of 17.83 (95% confi-
dence interval [CI] 3.28-96.6). The authors determined that
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current doses of vancomycin do not reach the therapeutic
target for critically ill oncology patients, particularly if
isolates have an MIC>1 mg/l. Generalizability of the
study findings is limited because of uncertainty about
whether the patient ages matched the ages simulated, actual
MICs were not provided, and large standard deviation
values likely indicated that vancomycin trough values were
not normally distributed (thus, it would have been more
appropriate to report the median rather than the mean
trough values).

3.4 Critically Ill Pediatric Patients

De Cock et al. [32] conducted a prospective observational
study of critically ill children admitted to the ICU, with the
aim of evaluating plasma protein binding and target
attainment rates of vancomycin therapy in this population.
They included 188 samples from 32 patients and assumed
an MIC of 1 mg/l. The median serum creatinine was
0.22 mg/dl. A total of 12 patients (57%) achieved a target
AUC/MIC > 400 (Table 1). Spearman’s rank correlation
coefficient for the relationship between vancomycin trough
concentrations and AUC/MIC was 0.85. The authors con-
cluded that a trough concentration of ~ 7 mg/l corre-
sponded to an AUC/MIC of 400.

Giachetto et al. [18] conducted an observational cohort
study of hospitalized children admitted to the ICU, with the
aim of determining pharmacokinetic parameters for van-
comycin in critically ill children and to estimate AUC/
MICs for S. aureus, which is achieved with recommended
vancomycin dosages of 40 mg/kg/day for non-central
nervous system (CNS) infections and 60 mg/kg/day for
CNS infections. Patients with renal dysfunction were
excluded, and the mean clearance was 2.47 ml/kg/min. On
days 1 and 3, vancomycin trough concentrations were
obtained, and AUC/MICs were calculated using MIC val-
ues of 1 and 2 mg/l (Table 1). Actual MIC values were not
reported, but the authors reported that most isolates had
MIC values between 1 and 2 mg/l. On day 1, results were
available for 18 children: the mean trough was 7.7 mg/l
with a mean AUC/MIC of 364 if the MIC was 1 mg/l and
188 if the MIC was 2 mg/l. Only nine children reached
target AUC/MIC>400 when the MIC was 1 mg/l, and
only one child reached target when the MIC was 2 mg/l.
On day 3, vancomycin trough concentrations were avail-
able for 15 children (Table 1): The mean trough was
7.8 mg/l with a mean AUC/MIC of 364 if the MIC was
1 mg/l and 181.9 if the MIC was 2 mg/l. Only seven of the
15 patients achieved the AUC/MIC target of >400 if the
MIC was 1 mg/l and only one achieved target if the MIC
was 2 mg/l. The authors concluded that the recommended
doses of vancomycin did not achieve therapeutic serum
concentrations or an AUC/MIC >400.
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3.5 Adolescent Patients

Lanke et al. [24] sought to evaluate vancomycin pharma-
cokinetics in an adolescent population by conducting an
observational cohort study in 463 hospitalized patients with
median age of 15.6 years who had 1107 vancomycin
concentrations drawn. They then used a pharmacokinetic
model to determine dosing strategies that predicted target
AUC/MIC >400 and target trough concentration to
achieve that value. No isolate had an MIC>1 mg/l. The
population pharmacokinetic model predicted that a dose of
60 mg/kg/day was necessary to achieve an AUC/
MIC > 400 in>90% of subjects. Authors found that van-
comycin trough concentrations between 10 and 12.5 mg/l
were highly predictive of achieving a target AUC/MIC
of > 400 (Table 1). The authors recommended that lower
trough concentrations are adequate to achieve an AUC/
MIC > 400 and personalized dosing regimens, rather than a
standard 60 mg/kg/day, should be considered.

3.6 Excluded Studies

Four studies reported trends in vancomycin trough and
AUC/MIC ratios but did not report mean or median trough
values or mean AUC/MIC ratios or discuss the relation
between the two parameters and were therefore excluded
from review [11, 21, 22, 28]. Hahn et al. [21] conducted a
retrospective cohort study in hospitalized pediatric patients
and reported the number of patients who achieved AUC/
MICs above and below 400 based on their trough value.
They reported a correlation between trough concentrations
to AUC but did not explicitly report the MIC used or
assumed and therefore did not meet our inclusion criteria.
They found that 17% of subjects with a trough > 10 mg/l
did not achieve an AUC/MIC >400, whereas 52% of
subjects with a trough<15 mg/ml attained an AUC/
MIC >400 [21]. Hwang et al. [22] conducted a retrospec-
tive cohort study in hospitalized children and reported the
proportion of children who attained various trough ranges
and those who attained an AUC/MIC > 400 based on var-
ious MIC values. Although they also reported a correlation
between AUC and trough concentrations, they did not
report a correlation between AUC/MIC and trough con-
centrations. This study found that trough concentrations of
10-15 mg/1 correlated with an AUC of 400 [22]. Rainkie
et al. [28] conducted a retrospective cohort study in hos-
pitalized pediatric patients and reported mean trough con-
centrations and AUC/MIC values for different age groups
and used two different methods to calculate the AUC.
However, they did not report overall mean trough con-
centrations or overall mean AUC/MIC ratios. Finally, Hadi
et al. [11] conducted a retrospective cohort study and
Monte Carlo simulation in pediatric oncology patients.
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They found that a dose of 80 mg/kg/day divided every 6 h
achieved a mean AUC of 479 mg x h/l, which correlated
to a mean trough of 10 mg/l [11]. This study did not report
AUC/MIC ratios or the mean MIC used and therefore did
not meet the inclusion criteria for our review.

Two studies were excluded from the review as they did
not explicitly report the AUC/MIC ratio or the mean,
median, or assumed MIC [13, 14]. Chhim et al. [13] con-
ducted a retrospective cohort study of pediatric patients
with suspected invasive streptococcal infections. The
median trough attained for 40 mg/kg/day dosing was
8.6 mg/l, with a median AUC of 288 mg x h/l. The
median trough attained for 60 mg/kg/day dosing was
10.6 mg/l, with a median AUC of 279 mg x h/l. The
authors reported that 95% of MRSA isolates had an
MIC <1 mg/l but did not report mean or median MIC or
the AUC/MIC ratio. This study calculated the AUC using
the vancomycin dose divided by clearance. Demirjian et al.
[14] conducted a randomized controlled trial investigating
a conventional vancomycin dosing regimen with versus
without a loading dose in pediatric patients. The median
trough concentration before the third dose was 9 mg/l. The
median AUC was 446.5 mg x h/l in the loading dose
group and 434 mg x h/l in the conventional dosing group.
The authors did not report the mean, median, or assumed
MIC or the AUC/MIC ratios. This study calculated the
AUC using SAAM 1II (http://www.saam.com/) modeling
software. The results of these two studies highlight the
wide disparity in AUC values when different methods are
used to calculate the AUC.

4 Discussion

Guidelines recommend targeting vancomycin troughs
between 15 and 20 mg/l for serious MRSA infections in
pediatric patients, although they also state that limited
evidence is available to support this recommendation [3].
Targeting an AUC/MIC > 400 has been found to be asso-
ciated with positive clinical outcomes in adult patients, and
thus this target is extrapolated to pediatric patients [3]. Our
review has found that it may not be necessary to target
troughs as high as 15-20 mg/l in pediatric patients to
achieve the target AUC/MIC > 400. If the MIC is 1 mg/l, a
target trough of 6-10 mg/l may be sufficient to achieve an
AUC/MIC >400 in a general hospitalized pediatric patient.
However, significant variability exists between different
pediatric populations and AUC/MIC target attainment.
This is likely due to differences in the pharmacokinetic
parameters of different pediatric patients, such as those
who are critically ill, post-operative, or receiving
chemotherapy, and the changes that occur as children age.

Pharmacokinetics vary significantly with age; therefore,
neonates, children, and adolescents are all very different
populations. Additionally, all studies included in this
review examined vancomycin concentrations in the serum
and therefore cannot be extrapolated to infections such as
osteomyelitis or meningitis where there are significant
differences in penetration to the site of infection.

4.1 General Hospitalized Pediatric Patients

In studies that included all general hospitalized pediatric
patients [17, 25-27, 33], four found that low trough targets
were required to achieve target AUC/MIC > 400, and one
study simply found that a lower vancomycin trough con-
centration did not achieve the AUC/MIC target. The lower
target troughs ranged from>3.36 to 11 mg/l
[17, 25-27, 33]. Three of these trials included only a very
small number of general hospitalized patients [26, 27, 33].
However, the two larger modeling studies yielded similar
results: troughs between 6-10 and 8-9 mg/l were adequate
to achieve an AUC/MIC >400 [17, 25]. Overall, based on
results of these trials, it appears that trough targets between
6 and 10 mg/1 should be sufficient to attain an AUC/MIC in
the majority of the general hospitalized pediatric
population.

4.2 Pediatric Cardiothoracic Surgery Patients

The Benefield et al. [12] trial was the only study to
specifically look at a CTS pediatric population. Based on
their trial data, we can only conclude that vancomycin
troughs of 18.4 mg/l should be sufficient to achieve an
AUC/MIC >400 in this population if the MIC of isolated
bacteria is <2 mg/l. However, based on the high AUC/
MIC ratios attained with troughs of 18.4 mg/l, it is unlikely
that troughs this high are necessary to achieve an AUC/
MIC >400. It is also important to note the significant
pharmacokinetic variations between the CTS and non-CTS
populations. Despite achieving a significantly higher
trough in CTS patients, the AUC/MIC ratios did not differ
much between the CTS and non-CTS populations. It is
therefore likely that higher trough concentrations are
required in this unique population to achieve a target AUC/
MIC. An observational trial specifically looking at the
trough targets in pediatric CTS patients compared with the
AUC/MIC ratios in those specific patients with clinically
significant outcomes, such as mortality, duration of hos-
pitalization, or adverse effects, would significantly improve
our ability to determine a specific vancomycin trough tar-
get in this population.
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4.3 Pediatric Oncology Patients

Two studies specifically included only pediatric oncology
patients [29, 30]. Based on the current literature, if the MIC
is 1 mg/l, a trough> 15 mg/l will likely attain a target
AUC/MIC >400 in this population. Seixas et al. [29]
suggested that higher troughs or alternative antimicrobial
therapy may be warranted if isolated bacteria has an
MIC > 1 mg/l. Unfortunately, neither study looked at the
relationship between troughs <15 mg/l and attainment of
an AUC/MIC >400. It might be feasible to target a
trough < 15 mg/l in this population if the MIC is < 1 mg/l,
although that would need to be examined further in a
clinical trial. An adequately powered observational trial
investigating the vancomycin troughs obtained in pediatric
oncology patients and their specific AUC/MIC ratios with
clinically significant outcomes, such as mortality, hospi-
talization, and vancomycin toxicities, and that include
vancomycin troughs <15 mg/l would be helpful in making
specific target trough concentrations in this unique
population.

4.4 Critically Il Pediatric Patients

Critical care patients have unique pharmacokinetic
parameters. Studies have found that the vancomycin vol-
ume of distribution is increased and clearance may be
altered in critically ill pediatric patients [34]. Our review
identified two studies that specifically looked at children
admitted to the ICU [18, 32], but their results seem to
conflict. One study suggested that higher troughs were
required in critically ill pediatric patients compared with
general hospitalized patients to reach a target AUC/MIC
of >400 and that troughs of at least 9 mg/l in critically ill
pediatric patients appear to be insufficient [18]. In contrast,
the other study found that a trough of 7 mg/1 corresponded
to an AUC/MIC of 400 [32]. Interestingly, both trials were
observational cohort studies and included a similar number
of children of similar ages. An adequately powered
observational trial examining vancomycin troughs in crit-
ically ill pediatric patients and their specific AUC/MIC
ratios with clinically significant outcomes, such as mor-
tality, hospitalization, and vancomycin toxicities, and
includes troughs >9 mg/l would be useful in determining
specific vancomycin troughs required to adequately treat
this fragile population.

4.5 Adolescents
One study specifically examined the relation between
vancomycin troughs and AUC/MIC target attainment in

adolescents aged 12—18 years [24]. Trough concentrations
between 10 and 12.5 mg/l were highly predictive of
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achieving a target AUC/MIC >400 [24]. Therefore, in
adolescent populations, we might need to target slightly
higher vancomycin trough concentrations of between 10
and 12.5 mg/l compared with the general pediatric popu-
lation. Although this is still lower than the current rec-
ommended target of 15-20 mg/l, the lack of trials with
clinically significant outcomes such as mortality, hospi-
talization, or vancomycin toxicities means the clinical
significance remains unknown.

4.6 Minimum Inhibitory Concentrations

Attainment of an AUC/MIC >400 target was highly
dependent on the MIC of isolated bacteria. The five studies
that examined different MIC values did not report the
target attainment when the MIC was>2 mg/l
[12, 17, 26, 27, 29]. Three studies did not report differences
in AUC/MIC target attainment based on different MIC
values [24, 25, 30]. Finally, one trial found that, based on
troughs of 7.8 mg/l, neither MIC group—1 or 2 mg/l—
attained an AUC/MIC target of > 400, although the MIC
2 mg/l group had lower AUC/MIC ratios [18]. These
results support the IDSA guideline recommendation to
consider using an alternative agent for infections caused by
bacteria with an MIC>2 mg/l [3] as it is unlikely the
target AUC/MIC >400 will be achieved. Additionally,
centers may also consider targeting higher initial trough
concentrations based on local MIC values or testing the
MIC if MRSA is isolated as the potential pathogen to aid in
predicting achievement of the AUC/MIC target.

Six studies [12, 17, 18, 26, 29, 32] assumed hypothetical
MICs for isolates. One study [30] used the mode MIC from
isolates in their study to calculate the AUC/MIC. Seixas
et al. [29] assumed various MICs for their AUC/MIC cal-
culations, but they also reported MIC results of actual
isolates. Hypothetical MICs may not have been reflective
of the MICs of true pathogens in patients in these trials;
therefore, the results must be interpreted with caution and
should not be extrapolated to pathogens with higher MICs.

Only one trial included in this review looked at clinical
outcomes for efficacy in attaining trough or AUC/MIC
targets [33]. They found no difference in attaining an AUC/
MIC > 400 compared with <400 in terms of hospital or
ICU length of stay or time to first negative blood culture.
There were no reports of vancomycin-induced nephrotox-
icity, and no other adverse events were reported. This was a
very small trial, and no power calculation was reported, so
it was likely underpowered for clinical outcomes. One trial
found that vancomycin troughs > 20 mg/l were associated
with nephrotoxicity [29]. This is an area requiring further
research as we are currently extrapolating weak evidence
from adult patients to pediatric patients to support an AUC/
MIC target >400. Further trials of pediatric patients
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receiving dialysis or extracorporeal membrane oxygenation
(ECMO) are required because these patients have unique
pharmacokinetic parameters and were typically excluded
from the trials included in this review. Finally, no trial that
demonstrated that lower targets may be considered to attain
an AUC/MIC target of > 400 took into account the risk of
antimicrobial resistance with potentially lower vancomycin
targets. This is another potential area of further research in
this era of emerging antimicrobial resistance.

Several limitations of this review deserve mention. First,
we did not assess the quality of the included studies, so we
cannot be certain that only high-quality studies were
included. Second, we included only trials published in
English, so we may have excluded trials that otherwise met
the inclusion criteria. Finally, we did not contact authors
for unpublished information.

Heterogeneity between the studies also prevented our
ability to meta-analyze the data. Different methods of
calculating the AUC, determining MICs, and quantitating
vancomycin concentrations contributed to the heterogene-
ity. In calculating the AUC, serial concentration measure-
ment and applying the trapezoidal rule would obviously
yield the most accurate results; however, this is difficult, if
not impossible, in pediatric patients. Patient-individualized
data should be more accurate than population estimates, yet
studies have not shown a definitive benefit of using one
over the other. Regardless of whether a relationship exists
between trough and AUC/MIC, further research is war-
ranted to show a predictive effect of trough and AUC/MIC
on patient outcomes.

5 Conclusions

Guidelines recommend targeting vancomycin troughs of
15-20 mg/1 for serious MRSA infections to attain serum
AUC/MIC =400 in both pediatric and adult patients,
despite a lack of evidence for these targets in pediatrics. In
our review, only one trial reported a relation between
vancomycin trough concentrations, AUC/MIC, and clinical
outcomes in pediatric patients, and it was likely under-
powered. Our results suggest that vancomycin target trough
concentrations might not need to be as high as recom-
mended in the guidelines to achieve a target AUC/
MIC > 400. Results varied based on the populations stud-
ied, but—for a general hospitalized pediatric patient—
troughs between 6 and 10 mg/l are likely sufficient to
achieve an AUC/MIC > 400 if the MIC is <1 mg/l. For
critically ill pediatric patients, troughs>9 mg/l are likely
necessary to attain an AUC/MIC target > 400, but further
research is required in this specific population. If the MIC
of isolated bacteria is > 2 mg/l, higher troughs are likely
necessary to achieve an AUC/MIC > 400, although specific

recommendations cannot yet be made. More research is
needed in specific populations of pediatric patients to
determine the relation between vancomycin trough con-
centrations, AUC/MIC, and clinical outcomes.
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