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WHAT IS ALREADY KNOWN ABOUT

THIS SUBJECT

WHAT THIS STUDY ADDS

AIM
To estimate the vancomycin pharmacokinetic profile in adult ICU patients
and to assess vancomycin dosages for increasing the likelihood of optimal
exposure.

METHODS

Five hundred and sixty-nine concentration-time data from 191 patients
were analysed using a population pharmacokinetic approach (NONMEN™).
External model evaluation was made in 46 additional patients. The 24 h
area under the concentration-time curve (AUC(0,24 h)) was derived from
the final model. Minimum inhibitory concentration (MIC) values for S.
aureus were obtained from the EUCAST database. AUC(0,24 h) : MIC = 400
was considered as PK/PD efficacy index.The probability of different
dosages attaining the target considering different strains of S. aureus and
patient subgroups was estimated with Monte Carlo simulation.

RESULTS

Vancomycin CL showed a significant dependence on patient age and renal
function whereas Crs. > 1 mg dI" increased V more than twofold. For our
representative ICU patient, 61 years, 73 kg, Crs. = 1.4 mg dI”', measured CLc,
=74.7 ml min~', the estimated values were CL = 1.06 mI min"' kg™' and V =
2.041kg™'.The cumulative fraction of response for a standard vancomycin
dose (2 g day™") was less than 25% for VISA strains, and 33% to 95% for
susceptible S. aureus, depending on patient characteristics.

CONCLUSIONS

Simulations provide useful information regarding the initial assessment of
vancomycin dosing, the conventional dosing regimen probably being
suboptimal in adult ICU patients. A graphic approach provides the
recommended dose for any selected probability of attaining the PK/PD
efficacy target or to evaluate the cumulative fraction of response for any
dosing regimen in this population.
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Introduction

Patients admitted to the ICU often require antibiotic
therapy to treat complicated infections. More than 70% of
Staphylococcus aureus isolates in ICUs are methicillin-
resistant,and vancomycin has long been the gold standard
for presumed or known infections caused by this patho-
gen [1].In the critical care setting, high rates of antimicro-
bial resistance raise the risk of poor outcomes. Several
studies have reported almost twice the mortality in
patients infected by a pathogen not effectively treated
with empirical antibiotic regimens [2-5]. Moreover, in criti-
cally ill patients several pathophysiological conditions that
alter drug disposition and increase their pharmacokinetic
variability could lead to drug underexposure if they are not
taken into account [6].

Optimizing antibiotic exposure by linking pharmaco-
kinetic and pharmacodynamic principles may improve
antimicrobial effectiveness and the quality of care [7]. For
vancomycin, the AUC(0,24 h) : MIC ratio seems to be the
PK/PD index that is best correlated with efficacy. A strong
correlation between such an index and the clinical and
bacteriological responses to vancomycin in patients with
lower respiratory tract infections has been demonstrated,
suggesting its use as a surrogate marker when determin-
ing vancomycin dosage regimens or treatment failure [8].
A recent paper focusing on the most appropriate vanco-
mycin regimens for treating methicillin-resistant S. aureus
ventilator-associated pneumonia also supports pharma-
codynamic concepts in the use of vancomycin [9].
However, for this antibiotic the best dosing regimen
according to PK/PD principles has been little considered
[10-12].The application of population kinetics with PK/PD
analysis based on Monte Carlo simulation is an excellent
tool for defining dosage strategies aimed at estimating
the likelihood that the antibiotic will effectively treat a
specific cohort of patients [13]. This integrated approach
allows consideration of the variability in pharmacokinetic
parameters and also in the susceptibility of the target
pathogen. In order to obtain a more realistic picture of
therapeutic outcomes, a well defined population PK
model obtained from a specific cohort of patients is
crucial because variability in the MIC can be obtained
from surveillance studies [14]. The nonlinear mixed-effect
approach implemented in the NONMEM™ software is the
most reliable and frequent methodology in population PK
analysis [15]. To our knowledge, only one previous study
in a small population of ICU patients has used such an
approach for vancomycin modelling [16]. On the basis of
this, the aims of this study were to develop and validate
a population PK model for vancomycin in a large number
of ICU patients, and to assess, by Monte Carlo simulation,
the vancomycin dosages required to increase the prob-
ability of attaining a target PK/PD index in this critically ill
population.
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Methods

Patients and study design

Adult (=18 years old) vancomycin-treated patients admit-
ted to the medical ICU of the University Hospital of Sala-
manca (an 837-bed teaching hospital) over a period of 6
years (1999-2004) were enrolled in this retrospective, non-
comparative study. Patients with neoplasic disorders, prior
cardiac surgery, renal replacement therapy, and those for
whom vancomycin concentration-time data were unavail-
able were excluded after a review of their clinical history.In
the population selected for model building (191 patients),
the data carefully recorded for each patient were age,
gender, exitus, main diagnosis at discharge and the Acute
Physiology and Chronic Health Evaluation System
(APACHE 1) score within 24 h after admission to the ICU
[17]. Total body weight, height, mechanical ventilation
status, nutritional support, fluid balance, serum albumin,
Crse, 24 h-measured CLc, and concurrent administration of
diuretics and vasoactive drugs were recorded throughout
the patients’ stay in the ICU. When the measured CLc, was
unavailable (8% of data) the CL¢, estimated with the Levey
formula was obtained [18]. For Crse and serum albumin,
quantification/sensitivity limits of 0.5 mg dI'and 1 mg dI”'
were assumed, respectively. No covariate had more than
20% of missing values. For missing value imputation the
mean patient or population value was assumed.

Data acquisition for the validation population (46
patients, 73 concentration data) was accomplished after
the population analysis had been completed (over period
2007-2008), so only selected covariates were recorded.

Data pertaining to vancomycin therapy and plasma
concentrations were obtained from the database of the
Clinical Pharmacokinetics Service of the hospital, which
included the precise timing of drug dosing and blood
sampling.

Approval from the Institutional Review Board of the
hospital was obtained. Informed patient consent was
unnecessary because the study involved the collection of
routine clinical data.

Blood sampling and vancomycin assays
Vancomycin TDM guidelines at the University Hospital of
Salamanca establish the measurement of trough concen-
trations and recommend that the timing of the first moni-
toring should be after the third dose.

A total of 569 measured vancomycin concentrations
were recorded, mostly (79.8%) corresponding to Cimin
values (0-60 min pre-dose). The number of concentration
data per patient ranged from 1 to 19 (mean = 2.98).

Vancomycin plasma concentrations were measured by
fluorescence polarization immunoassay (AxSYM; Abbott
Laboratories, Abbott Park, EEUU). The quantification limit
was 2.00 mg I”" and the intra- and inter-assay coefficients
of variation were <7% over the entire calibrator range (7 to
75 mg ™). The external quality control used was Unity
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(Bio-Rad Laboratories). Concentrations at or below the
quantification limit were not considered in the study.

Population pharmacokinetic analysis

Population PK analysis quantifies the variability among
individuals in the population for a particular model, and
attempts to explain them based on individual dependent
covariates. The concentration vs. time data for vancomycin
were analysed with the nonlinear mixed effects modelling
approach [19], using NONMEM™ (Version 5, level 1.1,
GloboMax LLC, Hanover, MD, USA). The first-order condi-
tional estimation method with interaction (FOCE INTERAC-
TION) was used, and the ADVAN1 TRANS2 subroutines
were applied. Only the fits in which convergence with the
estimation of the variance-covariance matrix was reached
were considered. A one-compartment model with zero-
order input and first-order elimination was assumed as the
basic structural model because the available information
(nearly 80% of the measured concentrations being taken
at Cimin) did not allow a more realistic two-compartment
model. The parameters of the structural model were CL
and V.

Several error models were investigated to describe the
inter-subject and residual variability. The former, which
quantifies differences between individual and population
parameters, was finally modelled as an exponential
random effect by the following equations:

CLij = CL X enCL VlJ = V X env

where CL; and V; denote the parameter for the i™" subject,
CL and V the mean value of parameters for the population,
and nq and ny a random inter-individual variable that is
normally distributed with zero mean and variance ®. The
potential covariance of the parameters was also investi-
gated with full blocks of ws.

The residual unexplained variability was finally mod-
elled as an additive error model:

CObSU = Cpl’edij + Eij

where Cobs; and Cpred; denote the j* observed and pre-
dicted vancomycin concentrations for the i subject,
respectively, and g; the j» measurement error for the i
subject. This error includes model misspecification, errors
in reported dosing or sampling times, analytical errors and
intra-subject variability. It is assumed to be independent
and identically distributed, with a normal distribution
around the mean zero and variance G.

Model selection was based on the precision of param-
eter estimates, goodness-of-fit plots, and the minimum
value of the objective function (OF) provided by
NONMEM™, A difference of 3.84 and 6.63 points in the OF
between two nested models differing in one parameter
was significant at the 5% and 1% levels, respectively. Since
some models compared were not nested, OF was not used
directly, and the value of the Akaike Information Criteria
(AIC) [20] was used instead.

The potential effect of covariates on the pharmacoki-
netic parameters was first examined from the NONMEM™
output results, using the Xpose™ (Version 3.1) package
and generalized additive modelling (GAM) to graphically
identify the most likely influential covariates. A stepwise
forward selection approach was used for covariate inclu-
sion in the population model. A basic population model
without covariates was initially selected and each covari-
ate was added individually to this basic model, testing
several regression equations. Covariates were included in
the model when a significant reduction in OF was
obtained (P < 0.05). Then, backward elimination was per-
formed. Each covariate was removed independently from
the model (P < 0.01) to confirm its relevance. This conser-
vative approach ensured that only the most meaningful
covariates entered the final model [21].

Model validation

External validation was used to evaluate the predictive
performance of the final population model.This evaluation
tool is considered to be more reliable and more robust
than internal validation, and the most appropriate method
when the final aim is dosage prediction [22]. The popula-
tion parameters of the final model were used to estimate,
using NONMEM™, individual parameters in the validation
data set. From these individual parameters, the concentra-
tions were estimated (the NONMEM™ ‘SIMULATION’
option) at the same times as those actually observed and
were compared in order to determine their predictive per-
formance. Standardized prediction errors were estimated
to evaluate whether the regression model was correct and
whether the parameters estimated were unbiased [23].
NONMEM™ affords these values under the denomination
of weighted residuals (WRES), considering in their calcula-
tion the population variability that includes the interindi-
vidual and residual variability. Likewise, these errors should
have a normal distribution with a mean of 0 and variance
close to unity.

Additionally, the number of observed concentration
data within the defined interval of the predicted concen-
tration data (PRED), such as [PRED = 2 x SDpop], was esti-
mated. Ideally, 95% of observed concentrations should be
within such an interval. The population standard deviation
(SDpop) was obtained from the residual (RES) and WRES
values of the NONMEM™ output (SDpop = |RES/WRES)).

Pharmacokinetic-pharmacodynamic simulation
On the basis of Monte Carlo simulations, the cumulative
fraction of response (CFR) defined as the expected popu-
lation probability of target attainment for a specific drug
dose and a specific population of microorganisms was cal-
culated [24]. The AUC(0,24 h) : MIC ratio was the goal for
vancomycin treatment optimization and a value of =400
was fixed as the target [8]. CFR values are an estimate of the
proportion of the simulated population achieving such a
value of the PK/PD index (AUC(0,24 h) :MIC = 400). Monte
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Carlo simulation aims to assess whether the attainment of
the efficacy index differed significantly not only depend-
ing on the daily vancomycin dose (from 1000 to 5000 mg
day™) but also among ICU patients. To this end, since
according to our population PK model CL¢ and age were
the patient covariates influencing clearance and hence
vancomycin exposure, simulations in the four subpopula-
tions defined by CL¢, and age were performed. Thus, our
patient population was divided into four subpopulations:
patients with age >65 years and CL¢, < 60 ml min™' (32.0%
of patients); patients with age >65 years and ClL =
60 ml min~" (12.5% of patients); patients with age <65 years
and CL¢ < 60 mImin™ (24.1% of patients), and patients
with age <65 years and CLe, = 60 mImin™ (31.4% of
patients). As input in the Monte Carlo simulations indi-
vidual AUC values were used.The CL derived from the final
population model was estimated for each patient using
the NONMEM™ ‘POSTHOC’ option. From these data, the
AUC(0,24 h) was calculated as the daily dose:CL ratio.
The units used were mg I”" h for AUC(0,24 h) and | h™" kg™
for CL.

The potential pathogens selected for PK/PD simula-
tions were vancomycin-susceptible and vancomycin-
intermediate susceptibility (VISA) strains of S. aureus. The
MIC values reported for this pathogen by the European
Committee on Antimicrobial Susceptibility Testing
(EUCAST) database (www.eucast.org) [14] were used,
except for the VISA strains [25]; these values are included in
Table 1. A log-Gaussian distribution was assumed for the
AUC(0,24 h) data, and a discrete distribution for MICs. The
output consisted of a cumulative probability distribution.
Simulation was performed on 10 replicates from each
subpopulation, using the SimulAr program [26].

Results

Patient characteristics
A total of 191 adult ICU patients, 126 males and 65 females
(569 concentration-time data values) were available for

Table 1

Frequency distribution of minimum inhibitory concentration (MIC) for S.
aureus used in Monte Carlo simulation

pharmacokinetic modelling. The most prevalent clinical
diagnoses were severe trauma (n = 81), post-surgery situa-
tions (n = 50), sepsis (n = 49; septic shock was presentin 13
septic patients), and respiratory infections and pneumonia
(n = 66).Thirty-five patients underwent multiorgan failure,
30 developed respiratory distress syndrome, and 15 hypo-
volaemic shock. Exitus during vancomycin therapy
occurred in 69 patients. Mechanical ventilation and
parenteral nutritional support were implemented in 87%
and 46% of patients, respectively, whereas vancomycin con-
current with albumin, furosemide or catecholamines was
administered in 21%, 64% and 71% of patients. Other rel-
evant characteristics of the patient population obtained at
the start of vancomycin therapy are summarized in Table 2.

Vancomycin doses were given intravenously either as
intravenous infusions over 60 min (n = 406) or continu-
ously (n = 14).In the first case, the initial dose was 1000 mg
12 h™' for 42% of patients,and 1000 mg 24 h™' for 20%.The
mean number (SD) of administrations per patient was 20.8
(17.6) and the mean value of the doses administered was
18.4 (10.3) mg kg™ day'. The mean duration of the con-
tinuous infusion was 17.5 (15.1) days and the mean infu-
sion rate was 56.9 (34.9) mgh™'. None of the patients
received a loading dose.Ten patients received vancomycin
in different admission episodes.

The population for model validation (46 patients, 73
concentration data) showed similar characteristics to the
patients included for building the model.The mean and SD
for age, body weight, Crs. and CL¢, of this population were
58.7 = 16.6 years;73.1 = 19.8 kg; 1.0 = 0.7 mg dlI"" and 67.3
*+ 48.6 ml min™', respectively.

Population pharmacokinetic analysis
Generalized additive modelling (GAM) identified the mea-
sured Clc, Crse, exitus, Apache Il score and age as the best

Table 2

Summary of the demographic and pathophysiological characteristics of
the patients included in the model building

Characteristic Mean * SD Range
Age (years) 61.1 = 16.3 18-85
Total body weight (kg) 73.0 £13.3 45-150
Body mass index (kg m) 26.2 = 4.1 18.4-43.8
Apache Il score 18.0 £ 6.9 2-41
Serum albumin (g dI-") 23+07 0.5-6.2
Crse (mg dI") 14*1.0 0.6-5.0
Measured CLc, (ml min~") 74.7 = 58.0 10-328
Estimated CLc, (ml min~") 86.1 + 55.1 9.5-230.5
PEEP (cm H;0) 7.1 =30 2-22
FiO2 (%) 49 =18 25-100
Fluid balance (ml) 665 * 1808 —-5424/7701
Vancomycin therapy duration (days) 14.7 = 16.4 1-113
Concentration data per patient (n) 3.0+25 1-19

MIC value Frequency (%)

(mg I") S. aureus VISA
0.125 0.08 -
0.25 0.59 -
0.5 15.15 -

1 74.24 -

2 9.68 31.0
2.5 - 19.0
3 - 44.0
3.5 - 6.0
4 0.26 -

204 / 70:2
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APACHE, Acute Physiology and Chronic Health Evaluation System [17]; Estimated
Clc,, Creatinine clearance estimated by the Levey method [18]; PEEP, positive
end-expiratory pressure; FiOy, fraction of inspired oxygen.
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Table 3

Intermediate models showing the influence of the different covariates in the vancomycin parameters

Model
Basic model CL=6
V=0,
Covariates on CL
Age (years) CL =6, + AGE®
V=03
Apache Il score CL=0, +APII”
V=03
Diuretics (Yes/No) CL=61x 6"V
V=03
CLer (ml min~" kg™") CL=01+Clcr x 6
V=03
Covariates on V
Septic shock (Yes/No) CL=6,
V=6, x 63°0°
Apache Il score CL=6,
V=0 + APIl x 63
Crse (mg dI-") A =1 or 0 if Crse = 1 or <1 CL=6
V=0, x 65"
Age (years) CL=6,
V=6, x 63"
Fluid balance (ml)
B = 1 if positive balance B = 0 if negative balance CL=6
V=6, x 63°

AOF @CL (CV%) (RSE) @V (CV%) (RSE%) o (SD) (RSE%)
= 50.50 (17.8%) 83.85 (49.4%) 4.85 (14.2%)
-8.25 49.09 (17.7%) 82.77 (47.9%) 4.83 (14.3%)
-10.05 49.20 (17.7%) 83.25 (43.6%) 4.83 (14.4%)
-54.90 53.85 (15.1%) 102.47 (32.9%) 4.45 (12.0%)
-188.38 32.56 (26.9%) 36.33 (97.0%) 4.51 (10.8%)
-4.27 49.80 (16.7%) 79.31 (38.5%) 4.82 (13.8%)
-8.98 50.70 (16.8%) 91.82 (33.1%) 4.78 (14.4%)
-16.60 49.09 (16.6%) 17.66 (79.5%) 5.04 (13.6%)
-20.85 47.43 (17.7%) 77.01 (59.4%) 4.84 (15.2%)
—42.30 52.54 (14.2%) 100.50 (23.3%) 4.29 (10.7%)

AOF, modification in objective function value. o, interindividual variability expressed as CV%,; o, residual variability expressed as standard deviation

expressed as a percentage of the variation coefficient.

60 - 60 -

& ; 0
0 10 20 30 40 50 60 0 10

Predicted concentration (mgl™')

Figure 1

50 60

60 -

. RSE%, relative standard error

Observed plasma concentration (mgl™)

60

Goodness-of-fit plots: (A) Population predicted concentrations from basic model; (B) Population predicted concentrations from final model; and (C)

Individual predicted concentrations from final model

predictors of vancomycin clearance; and exitus, age, Clc;,
Crse and fluid balance for V. Later, the influence of these
covariates on pharmacokinetic parameters was tested
with NONMEM™. Table 3 summarizes the covariates that
significantly influence vancomycin disposition by one-by-
one inclusion in the basic model. Of all the regression
equations tested for each covariate, the one that afforded
the best results was included.

The following equation describes the final covariate
model for vancomycin in our ICU patients: CL
(mImin™" kg™)=0.67 X CL¢, (ml min~" kg™") + AGE (years)%*

V (Ikg™)=0.82x2.49*

where A is a dichotomous covariate coded as A=0 if Crse =
1Tmgdl”,and A=1if Crse > 1 mgdl™.
With respect to analysis of the descriptive performance

of the model selected, Figure 1 shows the goodness-of-fit
plots obtained for the basic and final models.

Table 4 summarizes the population pharmacokinetic
estimates from the basic and final models. All pharmacoki-
netic parameters of the final model were reliably esti-
mated, since the percentage of relative standard error was

Br ) Clin Pharmacol / 70:2 / 205
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Table 4

Summary of results for the basic and final population models

Final model
(OF = 2420.69)

CL=0, X CL, + AGE*
V=03;x05*

Basic model
(OF = 2719.37)
Parameter Mean (RSE%)
Structural model
CL (ml min~" kg™") 1.10 (6.5)
CL, emL:, -
CL, 62acE -
Vv, 8; (kg™ 3.17 (37.9)
v, eacse -
Variance model
Residual (SD, mg I-") 4.85 (14.2)
Intersubject CL (CV%) 50.50 (17.8)
Intersubject V (CV%) 83.85 (49.4)

A=0or1if Crse <1 or Crse >1 mg dI”’

95% Cl Mean (RSE%) 95% ClI
1.24, 0.96 -

- 0.67 (6.6) 0.76, 0.58
- -0.24 (6.7) -0.21, -0.27
5.52, 0.82 0.82 (2.8) 0.94, 0.70
- 2.49 (9.9) 2.98, 2.00
5.48, 4.12 4.23(9.8) 4.62, 3.80
58.62, 40.79 30.13 (16.4) 34.64, 24.82
117.44, 16.37 22.83 (38.8) 30.28, 11.18

OF, objective function value; RSE%, relative standard error expressed as a percentage of the coefficient of variation; Measured CLc, (ml min=" kg="); Crse, serum creatinine (mg dI=");

0, regression parameter.
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Figure 2

Plots of model-predicted vs. observed concentrations in validation population for the final model based on: (A) Population parameters estimates and (B)

individual parameters estimates

less than 20%, except for V. A 20% decrease in inter-
individual variability was obtained upon including age and
the measured CL as covariates for the CL regression equa-
tion. Consideration of Crs. as a dichotomous covariate
accounted for nearly 60% inter-individual variability. The
residual variability, expressed as percentages (CV%) in rela-
tion to a mean concentration of 12mg |, was reduced
from 41% to 35% from the basic to the final model.

Model evaluation
Regarding the assessment of model performance on the
validation population independently, Figure 2 shows the
plots of the model-predicted vs. observed concentrations
for the final model.

The predictive performance of the final model was
evaluated with the standardized prediction errors.For such

206 / 70:2 / Br] Clin Pharmacol

errors, the mean = SD obtained was 0.14 + 0.70 mg I"' and
their 95% confidence interval (-0.03,0.30 mg I”') included
the zero value.

In addition, estimation of the interval of the predicted
concentration data revealed that all concentration data
observed lay within the prediction interval [PRED * 2 X
SDpopl.

Pharmacokinetic-pharmacodynamic simulation
On the basis of the results obtained in the population
model, the cumulative fraction of response providing the
proportion of the population that achieved an AUC : MIC
ratio =400 was estimated for several population sub-
groups,depending on the age and CL, of patients.Figure 3
shows this fraction for each population subgroup and
pathogen (susceptible and VISA strains of S. aureus)
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Cumulative fraction of response against S. aureus for several vancomycin daily doses in different ICU population subgroups: (A) For susceptible S. aureus; (B)
For VISA strains. CLc.: Creatinine clearance measured in the ICU setting (ml min™"). CL¢, = 60 ml min~' and Age > 65 years (—); CL¢, = 60 mI min™' and Age
= 65 years (- -); CL¢, > 60 ml min~" and Age > 65 years (—); CL¢, > 60 mI min~' and Age = 65 years (—-)

obtained with Monte Carlo simulations. As expected, the
influence of the patients’ renal function and age were clini-
cally significant.Thus, for susceptible S. aureus 2 g day ™', the
standard recommended vancomycin dose, afforded an
estimated cumulative fraction of response of 95.5% for
patients with age >65 years and CLc, < 60 ml min™" but was
only 33.4% for patients with age <65 years and ClL¢ >
60 ml min~".When the simulations were done for the VISA
strains, the corresponding values were only 23.9% and
0.2%.

Discussion

In the present study we first obtained and validated van-
comycin population pharmacokinetic parameters in a rep-
resentative group of ICU patients and then we applied
these to evaluate the presumed efficacy of different daily
doses using a PK/PD approach via Monte Carlo simulation.

Characterization of the population vancomycin phar-
macokinetic profile in ICU patients is supported by the still
frequent use of this antibiotic in this setting and a gener-
alized lack of high-quality data on vancomycin disposition
in this cohort of patients [27-29].The ‘creeping’ of the MICs
of staphylococcal organisms now demands maximum
antibiotic efficacy from modified dosing regimens [30, 31],
especially in the context of critically ill patients, in whom
early and appropriate antibiotic therapy is an essential
factor for improving clinical outcomes.

Vancomycin disposition has usually been described
using the two-compartment pharmacokinetic model, but
in the clinical setting limited sample acquisition, as well as
focusing on trough concentrations, normally only permits
one-compartmental models. Despite the poor design,
these data can provide more representative results of the

population studied if a large number of patients is analy-
sed. Considering the small case series reported in the lit-
erature to date [16], the size of our study population (191
patients) appears to be adequate.

The basic population pharmacokinetic model obtained
without covariates points to a larger vancomycin V for ICU
patients, although the available information did not allow
the distributive phase to be described adequately. The
extended interindividual and residual variabilities of this
model emphasize the need for seeking covariates that
could account for such diversity. Body weight was included
in the model before the evaluation of other covariates in
order to facilitate its subsequent application for vancomy-
cin dosage individualization. Furthermore, weight-
corrected pharmacokinetic parameters produced a slight
improvement in fit and did not affect covariate selection.

In the final population pharmacokinetic model
obtained in this study, CLc; and patient age were the most
influential covariates as regards vancomycin clearance.
Although this type of relationship is well known for vanco-
mycin, the inclusion of both variables in the clearance
regression equation is an unusual finding, probably owing
to covariance [12]. This could be due to the use of the
estimated CLc which necessarily takes into account age
and affords a small covariate range, reducing the capacity
of NONMEM™ to detect any effect. Instead, we used the
24 h measured Cl¢, which is the most effective way to
calculate renal function in ICU populations, affording a
wide CLc range for which no age or weight is required.
Another explanation could be that marked changes in the
renal function of ICU patients due to a range of factors,
such as sepsis, patient hydration status or concomitant
medication usage, may mask the well known relationship
between CL¢ and age. We wish to emphasize that the
NONMEM™ correlation estimated between the corre-
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sponding regression coefficients (6; and 6,) was less than
40%. In fact, patient age seems to explain some additional
variability in vancomycin clearance that CL¢, does account
for. To our knowledge, no previous population models
have demonstrated a relationship between vancomycin V
and renal function [16, 32-35]. In the patients with Crs. >
1mgdl™, V was more than twofold higher than in the
patients with a Crse value below this threshold (2.03 vs.
0.821kg™). This result is coherent with observed trends of
increased V values for patients with renal insufficiency [36].
In the present study, the large increase in V found in
patients with Crse > T mgdl™" could possibly reflect the
influence of critical illness [16,32,33,37].Thus,in our cohort
of patients with Crs. > 1 mg dI”' we observed higher values
for hydration status, the Apache Il score and age, as well as
a greater proportion of patients with septic shock and
hypoalbuminaemia. In addition, the intermediate models
also pointed to the possible influence of those variables (P
< 0.05) on V (see Table 2). The high V typically seen in ICU
patient populations has generally been ascribed to fluid
shifts but may also be increased by the presence of other
events such as hypoalbuminaemia, mechanical ventilation
and extracorporeal circuits [37].

Our results point to general rather than population-
specific covariates as predictors of vancomycin pharmaco-
kinetic parameters. This is in agreement with other adult
population studies published for this antibiotic using non-
linear mixed-effect models (Table 5) showing CLc,, age and

Table 5

Vancomycin population pharmacokinetic studies in adult patients using the nonlinear mixed-effects modelling approach

weight as the only covariates influencing vancomycin dis-
position. Our final population model afforded comparable
results for interindividual variability on CL (30%), the
lowest interindividual variation for V (23%), and similar
residual variability. These figures, in a broad heterogeneous
group of patients such as the critically ill, cannot be con-
sidered high. Interindividual variability is characteristic of
ICU populations and the reported values are significantly
higher than those typically seen in patient populations not
admitted to the ICU [39].In a similar but smaller ICU popu-
lation, higher variability, possibly due in part to method-
ological issues, has also been reported [12].

The results concerning the external evaluation of the
population pharmacokinetic model guarantee its predic-
tive ability with a minimum bias and 100% of concentra-
tions within the prediction interval. Analysis of the
predictability of several a priori methods of vancomycin
dosing reveals differences of 2.5 to 5 mg I”' between pre-
dicted and measured trough concentrations and less than
50% of data within the 25 and 50% interval prediction
[40].

From our external evaluation, the population model
could be used to estimate individualized dosage guide-
lines with a Bayesian approach for ICU patients. It should
be noted that alternative models available for this specific
patient population are flawed by methodological issues
(two-stage approach and sampling size) [12, 16]. However,
the size of our population study is clinically adequate

Population Regression equation
n/patient type CcL
191 CL (ml min~"kg™") =
ICU 0.67(7) x Clcr (ml min~" kg™") + AGE0247)
acL (%) =30.13 (16)
215 CL(h")=

1.08(2.12) x Cler (1 h71)

ocL (%) =28.1 (1 5)

102 CL(hT")=

Cardiothoracic surgery, 2.97(3) x (1 + 0.0205(3) x (CLcr — Clcr median)
unstable renal function acL (%) =27 (16)

398 CL(hT")=

102 patients pertaining
to the above study

Haematological malignancies

oc (%) =27 (14)

45 (18 adults) If Age > 1000 days (2.7 years)
(0 days—61.5 years) CL (Ih="kg™) = 4.3 (5.58)/Crse (umol I-")
ECMO acL (%) = 25 (NR)

If CLer > 85(ml min~) CL (I h~") = 3.51(6)

c. (%) =38.5(10)

30 CL(hT")=

ICU 0.034(35) x Clc, (ml min~") + 0.015(53) x TBW
ocL (%) =29.2 (28)

Adult Japanese

2.99(1.9) x (1 + 0.0154(4.3) x (CLcr — Cler median)

190 If CLer < 85(ml min~) CL (I h~") = 0.0487(6) x Clcr

Regression equation Residual

v variability

V (1kg™) = 0.82(3) x 2.49(10)* +4.2 mg I (10) This study
A=0or1ifCr=1orCr>1mgd’

oy (%) = 22.83(39)

V () = 0.98(7.43) x TBW +3.5mg "' (15) [32]
v (%) = 37.15(48)

V (Ikg™) = 1.24(5) 15% (19) [33]
v (%) = 36(24) +1.6mg ' (18)

Ve (L kg™") = 0.675(1.8) 15% (7) [38]
v (%) = 15(40) +1.6mgl'(7.7)

Vp (Il kg™") = 0.732(0.7)

v (%) = 130(20)

If Age > 4000 days (11 years) 12.1% (NR) [34]
Ve (1kg™") = 0.37(11) ove (%) = 25 (NR) +2.1 mg "' (NR)

Vo (lkg™) = 0.25(15) wp (%) = 48 (NR)

Vs () = 60.71(6) 23.7% (5) [35]
v (%) =254(11)

Ve () = 0.414(7) x TBW 23.9% (32) [16]
oy (%) = 36.4(24) 18.5% (38)

Vp (I) = 1.32(20) x TBW

v (%) = 39.8(22)

The estimation error of the parameters (CV%) is shown in brackets. A two-compartment model was used for the four latter models. ECMO, patients receiving extracorporeal
membrane oxygenation; NR, not reported; TBW, total body weight; w, interindividual variability.
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and its simple structure should allow easy implementa-
tion in clinical software and its application in dosage
individualization.

Pharmacokinetics could be an important constituent of
antibiotic efficacy by predicting drug exposure, but phar-
macodynamic goals and pathogen susceptibility must also
be considered to ensure clinical efficacy. Accordingly, the
second aim of this study was to integrate the variability
associated with the pathogenic agent into the pharmaco-
kinetic analysis. Several PK/PD indices have recently
emerged as surrogate markers for successful clinical out-
comes of antibiotic therapy, and they combine patient-
specific PK parameters and their variability with specific
susceptibility data concerning the strain of microorganism
in question.The MIC values and their associated variability
can be obtained within the typical clinical setting or from
surveillance databases, such as EUCAST. Using this kind of
data, Monte Carlo simulations have been implemented as
useful techniques to predict the proportion of patients in
different population groups who will achieve the desired
PK/PD target when different strains or pathogens are
treated.

One previous study in patients with haematological
malignancies using a similar PK/PD approach and the
same MIC distribution values reported similar results con-
cerning vancomycin underdosing and hence the need to
incorporate PD information into the PK analysis [41].
However, the specific population pharmacokinetic model
used here is another important issue, implying that differ-
ent dosage requirements and patient covariates must be
considered. Also, the increased information available from
a larger sample size provides support to previous studies
and defines dosage needs more precisely.

In our ICU patients, the AUC of vancomycin was mainly
dependent on renal function and age, and hence Monte
Carlo simulation was performed for several subgroups in
order to obtain the doses required to achieve the pre-
sumed most favourable outcome related to an AUC: MIC
ratio greater than 400. For S. aureus, in a typical young ICU
patient (age <65 years and CLc, > 60 ml min™") the admin-
istration of 2g daily as the initial vancomycin dose
afforded only a 33% probability of attaining such a result;
this figure increased up to 95% when the patient admitted
to ICU was aged 65 years or more and his/her CL¢, was less
than 60 ml min~". This simulated variation highlights how
dosage individualization can affect clinical outcomes in
this critical population and might explain apparent
increases in clinical failures in the critical care setting.
PK/PD simulation also revealed that much higher doses or
an alternative antibiotic would be required for VISA strains,
since even if vancomycin doses of 3000 mg day™' were
administered only patients with a ClLc lower than
60 ml min™" would be likely to achieve an AUC : MIC ratio
higher than 400.

As well as showing our results concerning conducted
the Monte Carlo simulations, Figure 3 could be used as a

vancomycin dosing nomogram for ICU patients, taking
into account renal function, patient age and the pathogen
isolated. It may be seen that if a cumulative fraction of
response of 90% is assumed as clinically acceptable, daily
vancomycin doses of 2000 and 4000 mg day™' for young
patients with CL¢, values of <60 and >120 ml min™, respec-
tively, would be required, whereas for elderly patients with
similar renal function the corresponding doses would be
1750 and 3000 mg, respectively. With the same goal, a pre-
vious study afforded only one initial vancomycin daily
dose (3000 mg) as being adequate for the same patient
population [12].

It is noteworthy that our PK/PD model should aid clini-
cians in selecting the vancomycin dose with the highest
probability of clinical success regardless of the infusion-
based administration mode (intermittent or continuous).
The AUC(0,24 h) at state-steady is only dependent on clear-
ance and the drug amount, but is independent of both the
rate and duration of infusion.

For seriously ill patients, the current guidelines issued
for the monitoring of vancomycin treatment of S. aureus
infections recommend a loading dose of 25 to 30 mg kg™
to ensure an adequate exposure on day 1 of therapy [42].
The regression equations found with our population PK
model can be applied in clinical practice to establish the
suitability or not of that loading dose. Considering the
patients characteristics (age, CLc; and Crse), an estimation of
the half-life (t;, = V x 0.693/CL) and subsequent time
required for steady-state to be reached (four or five times
t12) can be obtained. Bearing in mind our model, loading
doses would be especially necessary in patients with a
Crse > 1mgdl™.

The dosage recommendations obtained in this study
clearly differ from those suggested by dosing nomograms
aimed at maximizing the pharmacodynamics of vancomy-
cin administered by continuous infusion in critically ill
patients [43]. The application of these nomograms to our
prototype ICU patient afforded a daily dose of 1200 or
1600 mg to achieve mean target concentrations of 15 and
20 mg I", respectively. Whereas those authors [43] stated
that such mean values should allow sufficiently high AUC
values to be obtained, and hence may represent a valid
approach for optimizing both pharmacodynamic efficacy
targets, they did not use the AUC: MIC ratio and neither
did they consider the potential impact of variations in
MICs. In fact, their vancomycin dosages were based on
a simple relationship between the Cockcroft-Gault-
estimated CL¢ and vancomycin CL. Another two recent
papers focused on the optimization of vancomycin dosing
also assumed a fixed value of 1 mg I~ for the MIC in the
estimation of AUC : MIC ratio [38, 44].

Although the evaluation of Cyin alone may be a subop-
timal method of assessing the adequacy of a vancomycin
dose, current guidelines for monitoring vancomycin treat-
ment still recommend such an approach and suggest that
Ciin Should always be maintained above 10 mg " to avoid
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the development of resistance and, for complicated infec-
tions, in the range of 15-20 mg I’ to improve clinical out-
comes. Moreover, trough monitoring is recommended for
patients receiving this latter aggressive dosing or pro-
longed courses of therapy and in all patients at high risk of
nephrotoxicity [45]. For a pathogen with an MIC of 1 mg I’
these Cnin recommendations are able to guarantee the
target AUC : MIC = 400, but the fact is that in this circum-
stance, or when the real MIC value is known, any pharma-
cokinetic strategy allows the dose to be calculated and
adjusted to reach the desired target. Our approach,
however, is much better when, as is usually the case in
clinical practice, the MIC value is unknown and cannot be
assumed.

Nevertheless, the reliability of our simulated approach
is directly related to the adequacy of the population
model and MIC distribution and it will not perform better
or replace predictions from real data coming from mea-
sured concentrations or MICs. This, and the pharmacoki-
netic changes that may occur in ICU patients over time, the
lack of patient outcome evaluation, and the possibility of
drug toxicity are all important issues that must be borne in
mind before its use in the clinical setting [27,45]. We there-
fore suggest that this initial approach could be employed,
but followed by therapeutic drug monitoring to ensure
the safe usage of these dosing recommendations in all
clinical circumstances. In addition, therapeutic drug moni-
toring is a useful tool to ascertain the extent to which
predefined therapeutic goals have been achieved and, if
not, to guide subsequent dosage adjustment(s). In clinical
scenarios with higher antibiotic MICs, the use of PK/PD
dosing strategies may permit the selection of the thera-
peutic option with the highest probability of clinical
success, although these clinical guidelines must be imple-
mented and the corresponding better patient outcomes
must be demonstrated.

In conclusion, the increased values of the clearance
and distribution volumes obtained in some ICU patients
would lead to vancomycin underexposure if standard
dosage regimens were used. An approach considering the
specific PK profile of this cohort, coupled with presumed
variations in the MICs for S. aureus, may allow a more
precise individualization of vancomycin dosing in order to
achieve more effective antibiotic use in the ICU setting.
Thus, for vancomycin-susceptible S. aureus, an initial
2000 mg day™' dose of vancomycin must only be used for
patients with CL¢, < 60 ml min™'. For better kidney func-
tion, the corresponding doses must be increased to 3000
and 3500 mg day™' for aged (>65 years) or adult patients,
respectively.
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