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Abstract Aims: To identify the
variables affecting vancomycin phar-
macokinetics in medical ICU patients
and to evaluate the potential effi-
cacy of dosage schedules by PK/PD
analysis. Design: A retrospective
pharmacokinetic analysis of serum
levels obtained in routine vancomycin
monitoring was performed. Setting:
A 12-bed general ICU of a university
teaching hospital. Patients: Forty-six
vancomycin-treated ICU patients
fitting the following criteria: over
18 years old; more than three con-
centration data per patient; absence
of renal replacement support, cardiac
surgery and neoplastic disorders.
Interventions: Clinical information
was collected from the patients’
medical records. Details of van-
comycin therapy, dosage and blood
sampling times were obtained from
pharmacokinetic reports. Population
analysis were made by the standard
two-stage approach. Measurements
and main results: Vancomycin
clearance and distribution volume
were estimated individually assuming

a one-compartment pharmacoki-
netic model. PK/PD analysis was
performed by Monte Carlo simula-
tion. In the ICU patients, higher Vd
(nearly twice the quoted value of
0.72 l/kg) and different vancomycin
clearance–creatinine clearance rela-
tionship were found. Renal function,
the APACHE score, age and serum
albumin accounted for more than
65% of drug clearance variability.
Vancomycin standard dosages led
to a 33% risk of not achieving the
recommended AUC24h/MIC break-
point for Staphylococcus aureus.
Conclusions: The population kinet-
ics and PK/PD analyses based on
Monte Carlo simulation procedures
offer an excellent tool for selecting
the therapeutic option with the high-
est probability of clinical success in
ICU patients.

Keywords Vancomycin · ICU pa-
tients · Population kinetics · Dosage
optimisation · PK/PD analysis ·
Monte Carlo simulation

Introduction

Patients admitted to intensive care units (ICU) show high
rates of infections, and dosage adjustment strategies have
emerged as a critical factor in the control of infectious dis-
eases within this clinical setting.

Staphylococcus aureus is the most common pathogen
in the ICU, and according to surveillance studies all
staphylococcal isolates remain susceptible to van-

comycin [1, 2, 3]. Thus, this glycopeptide is still
frequently used in ICU patients. Nevertheless, only
limited data are available concerning the kinetic profiles
and dosage requirements of this drug in this particular
population group. Due to the pharmacokinetic modifi-
cations related to clinically ill status [4], higher doses
seem to be necessary even when the pathogens have
MIC values typical of susceptible microorganisms [5].
This clinical scenario is currently found in Spain, where
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glycopeptide-intermediate Staphylococcus aureus (GISA)
strains are not yet documented.

The population approach aims at characterising the
pharmacokinetic profile in a target patient group and
includes interindividual and residual variability as well
as the covariates affecting this. Subpopulations with
special features can be identified, and relevant information
aimed at tailoring dosage needs for each particular patient
according to the clinical variables identified as the deter-
minants of drug kinetics can be obtained. A previous study
performed in ICU patients [6] revealed broad variability,
together with a significant change in both clearance and
the distribution volume during the course of vancomycin
treatment; this highlighted the need for population mod-
elling in this kind of patients. Nevertheless, such studies
are scarce, except in patients receiving extracorporeal
membrane oxygenation support [7] or renal replacement
therapy [8].

The increasing development of antimicrobial resistance
is one of the main causes of the failure of treatments in
infectious diseases. In order to avoid or minimise this
problem, particularly in ICUs, several strategies have
been implemented, and in this sense, the application of
pharmacokinetic/pharmacodynamic (PK/PD) criteria [9]
is crucial for such a goal to be achieved. Such criteria
allow clinicians to predict the potential efficacy of anti-
microbial treatments based on patient characteristics and
the aetiology of the infection, providing an excellent
tool for choice of the best available therapy. In the case
of glycopeptides, there is little information concerning
this issue, although recently some interesting PK/PD
information has been reported for vancomycin [10],
supporting the idea that the ratio of the area under the
serum concentration-time curve (AUC) and the minimum
inhibitory concentration (MIC) is the parameter best
correlated to efficacy in vancomycin therapy. Thus, the
AUC/MIC ratio is currently accepted as the most relevant
surrogate marker for this glycopeptide, and a value of 400
has been proposed as the recommended breakpoint for this
parameter as referred to 24 h (AUC24h/MIC).

The dual aim of the present study was first to identify
the variables that affect vancomycin profiles in a repre-
sentative sample of medical ICU patients using sparse
serum data collected during routine clinical care, and
then to evaluate the dosage schedules to be applied in
this group with respect to the probability of achieving the
above-mentioned breakpoint for the AUC24h/MIC ratio.

Materials and methods

Study design

This retrospective, non-comparative pharmacokinetic
study was conducted at a 662-bed teaching hospital
belonging to the University of Salamanca (Spain) in

collaboration with the pharmacy department of the same
university.

Informed patient consent was unnecessary because the
study involved collection of routine clinical data. However,
approval was obtained from the institutional review board
of the hospital.

Selection of patients

Initially, all vancomycin-treated patients admitted to the
12-bed general ICU of the above hospital from 1992 to
1998 were selected. The following exclusion criteria were
then applied: patient under 18 years old; fewer than three
vancomycin concentration-time data available; implemen-
tation of renal replacement therapy support, prior cardiac
surgery, and the existence of neoplastic disorders.

Data collection

The patient information retrieved addressed clinical diag-
nosis at discharge; age; gender; height; total bodyweight;
mechanical ventilation status; nutritional support; albumin
and creatinine serum levels; creatinine clearance (CLcr);
and concurrent administration of albumin, aminogly-
cosides, diuretics and catecholamines. Exitus and the
Acute Physiology and Chronic Health Evaluation System
(APACHE II) score were also collected from the patients’
medical records. The APACHE II score was obtained
within 24 h after ICU admission; the other variables
were recorded at the start of vancomycin treatment as
well as on the days of serum sampling to determine
vancomycin level. Data pertaining to vancomycin therapy
were obtained from pharmacokinetic reports that included
the precise timing of drug dosing and blood sampling.
For each patient, body surface area and body mass index
were estimated according to standard formulas, and body
weight on the day of vancomycin initiation was taken into
account. Additionally, CLcr values estimated according to
the Cockroft and Gault [11], Jelliffe [12] and Levey [13]
formulas were recorded for each patient.

Serum sampling and analytical assay

In recent years, hospital guidelines for vancomycin sam-
pling times have been modified. Thus, they have changed
from obtaining peak data (3 h after post-infusion) together
with trough samples (15–30 min prior to the next dose)
to the current strategy that is mainly based on the latter
(trough) levels, peak sampling being implemented only
occasionally. A total of 233 vancomycin serum levels
were recorded, mostly (80%) corresponding to trough
values. Serum vancomycin concentrations were measured
with a fluorescence polarisation immunoassay (AxSYM,
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Abbott Laboratories, Abbott Park, IL, USA) with a quan-
tification limit of 2.00 µg/ml and an inter-day variation
coefficient of < 7% for all standards. The external quality
control used was Unity (Bio-Rad Laboratories).

Pharmacokinetic analysis

Pharmacokinetic analysis was performed assuming the
one-compartment model [14], total vancomycin clearance
(CL), and the apparent volume of distribution (Vd) being
the estimated pharmacokinetic parameters. Population
analysis was carried out with the standard two-stage
approach. In the first stage, individual parameters were de-
termined by non-linear regression using pharmacokinetic
software (PKS, Abbottbase Pharmacokinetic System,
version 1.10; Abbott Diagnosis Division, Irving, TX,
USA). In the second stage, statistical analysis was applied
to the parameters obtained in the first stage.

The area under the curve of vancomycin serum con-
centrations versus time from 0 to 24 h (AUC24h) was cal-
culated as the daily dose/clearance ratio (D24h/CL). Note
that the units of AUC and CL are mg/l*h and l/h/kg, re-
spectively.

Monte Carlo simulations (evaluation of dosage schedules)

The probability of achieving the recommended value
of the AUC24h/MIC ratio was estimated by the Monte
Carlo simulation technique [15, 16, 17] from the AUC
values calculated for each patient included in the study, as
described above. Except for GISA strains [18], the MIC
values reported for different pathogens by the EUCAST
database (www.eucast.org) were used. A log-normal
distribution was assumed for the AUC data according
to statistical criteria. In the case of the MIC, a discrete
distribution based on reported data was considered.
Simulations for standard (2000 mg/day) as well as higher
doses (up to 5000 mg/day) were performed in order to
predict the interest of increasing the daily doses in this
population group. Monte Carlo simulation was performed
at 104 replicates using the SimulAr program [19].

Statistical analysis

For statistical analysis the SPSS software, version 12.0
(SPSS, Chicago, IL, USA), was used. The results are
reported as means and medians, together with their
dispersion coefficients. The correlation between phar-
macokinetic parameters and continuous variables was
established using the Pearson coefficient for normally
distributed variables, and using the Spearman coefficient
otherwise. Statistical significance was established at the
p < 0.05 level.

Results

The main characteristics of the patient population selected
(n = 46) are summarised in Table 1. The most prevalent
clinical diagnosis was sepsis (n = 25). The origins of pri-
mary sepsis were as follows: abdominal (12), respiratory
(7), peritonitis (3), catheter (2), abscess (2), endocarditis
(1) and urinary (1). Septic shock was recorded in 16 of
the patients with sepsis. The remaining patients had severe
trauma (15) or a post-surgery status (6).

The mean (standard deviation) and median initial daily
dose in these patients were 21.5 (8.3) mg/kg/day and
22.7 mg/kg/day, respectively, administered in intermittent
i.v. infusion over 0.5–1 h. It should be noted that 50% of
the patients initially received the conventional dosage regi-
men of 1,000 mg/12 h. Table 2 shows the pharmacokinetic
parameters obtained for the overall population together
with those corresponding to the different sub-population
groups that emerged after excluding the patients who
exhibited a given condition.

Since creatinine clearance is known to be the main co-
variate affecting vancomycin clearance, the influence of
several different methods used to estimate this renal func-
tion index was tested. Table 3 shows the results of the re-
gression analysis performed to establish the relationship
between vancomycin clearance and creatinine clearance
for both the estimated data and the individually measured
values. Accordingly, the Levey formula is the one recom-
mended to determine creatinine clearance.

Table 1 Description of the patient population studied

Total number of patients 46

Males 30
Females 16

Concomitant administration
Aminoglycosides 32
Albumin 16
Diuretics 31
Catecholamines 36

Mechanical ventilation 43
Nutritional support 45
Death 14
CLcri>50 ml/min 23
Body mass index under 30 41

Mean ± SD
Total body weight (kg) 71.5 ± 12.8
Height (cm) 163.5 ± 6.4
Age (years) 59.3 ± 16.9
Serum albumin (g/dl) 2.3 ± 0.7
CLcri (ml/min) 65.5 ± 48.1
PEEP (cm H2O) 7.3 ± 2.4
FiO2(%) 52.0 ± 19.0
APACHE II score 18.9 ± 8.2

SD, Standard deviation; CLcri, creatinine clearance individually
measured; PEEP, positive end-expiratory pressure; FiO2, fraction of
inspired oxygen; APACHE II Acute Physiology and Chronic Health
Evaluation System
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The influence of the covariates on pharmacokinetic
parameters of vancomycin was analysed with multiple
regression techniques and the following equations were
selected as the statistically significant predictors of drug
clearance in our patient population:

Equation 1 (r2 = 0.64; p < 0.01):
CL(ml/min/kg) = 0.660 – 0.016*age(years) – 0.006
*ApII + 0.380*Ab + 0.562*CLcri (ml/min/kg)

Table 2 Vancomycin pharmacokinetic parameters corresponding to the whole population and the subgroups considered

CL (ml/min/kg) Vd (l/kg)
Mean CV% Median FD50 Mean CV% Median FD50

Whole group (n = 46) 0.86 72 0.72 0.49 1.69 128 0.98 0.76
Outliers excluded (n = 44) 0.78 60 0.69 0.48 1.56 123 0.98 0.76
Trauma excluded (n = 31) 0.76 60 0.53 0.45 1.40 75 1.11 0.73
Surgery excluded (n = 40) 0.88 72 0.73 0.49 1.58 128 0.97 0.72
Female excluded (n = 30) 0.88 68 0.73 0.39 2.67 119 1.41 1.70
Body mass index over 30 0.89 72 0.72 0.59 2.26 125 1.14 1.08
excluded (n = 41)

CL, drug clearance; Vd, distribution volume; CV%, variation coefficient; DF50, dispersion factor

r2 Intercept (95% CI) Slope (95% CI)

Cockroft CLcr 0.43* 0.26 (0.16–0.35) 0.41 (0.35–0.48)
Jelliffe CLcr 0.48* 0.22 (0.13–0.32) 0.48 (0.42–0.55)
Levey CLcr 0.52* 0.23 (0.14–0.32) 0.44 (0.39–0.50)
Measured CLcr 0.50* 0.15 (0.05–0.25) 0.77 (0.67–0.87)

CLcr, creatinine clearance; CI, confidence interval *(p ≤0.01)

Table 3 Regression analysis of
the vancomycin clearance-
creatinine clearance linear
relationship

Number of Age Weight CLcr CL Vd Reference
patients (years) (kg) (ml/min) (ml/min) (l/kg)

11 46.5 ± 16.6 67.8 ± 5.2 87.6 ± 22.3 62.7 ± 25.3 0.72 ± 0.35 20
50 37.3 ± 11.6 70.3 ± 16.0 76.9 ± 41.0 61.9 ± 22.3 0.55 ± 0.19 21
22 52.4 ± 14.7 71.0 ± 23.8 97.4 ± 35.7 79.2 ± 34.2 0.54 ± 0.22 22

704 44.5 ± 15.9 73.2 ± 17.2 80.2 ± 34.4 78.9 ± 37.1 0.64 ± 0.26 23
15 60.0 ± 9.0 79.0 ± 12.0 82.0 ± 27.1 78.3 ± 32.6 0.65 ± 0.15 24

107 53.4 ± 17.2 77.1 ± 23.1 89.5 ± 28.6 79.5 ± 33.3 0.60 ± 0.20 25
46 59.3 ± 16.9 71.5 ± 12.8 65.5 ± 48.1 60.0 ± 39.7 1.68 ± 2.19 This study

Table 4 Reported vancomycin
parameters vs. those obtained in
this study

Pathogen Vancomycin daily dose (mg)
1000 2000 3000

S. aureus 43.5 78 89.5
Coagulase-neg. staphylococci 28 61 79
S. epidermidis 24.5 55.5 75
S. haemolyticus 31 65 81
S. pneumoniae 86.5 97.5 99
Enterococcus faecalis 26 58 76.5
E. faecium 50 82 91.5

Table 5 Probability (%) of
attaining AUC24h/CMI ratio
values ≥ 400 for different
vancomycin daily doses and
several pathogens

Equation 2 (r2 = 0.68; p < 0.01):
CL(ml/min/kg) = 0.872–0.015*age(years) – 0.007
*ApII + 0.234*Ab + 0.346 CLcrLevey(ml/min/kg)

where ApII is APACHE II score, Ab is serum albu-
min (g/dl), Clcri is measured creatinine clearance and
CLcrLevey is creatinine clearance as estimated by the
Levey formula.
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Fig. 1 Influence of S. aureus vancomycin susceptibility and daily
doses on the probability of attaining AUC24h/CMI values ≥ 400

For comparative purposes, Table 4 shows reported
values of vancomycin one-compartment parameters corre-
sponding to non-critically ill patients [20, 21, 22, 23, 24,
25] versus the values obtained in the present study.

Table 5 and Figure 1 illustrate the results of the Monte
Carlo simulations.

Discussion

We found that renal function, APACHE II score, age
and serum albumin accounted for more than 65% of the
vancomycin clearance variability in ICU patients. This
population also showed Vd nearly twice as high as the
quoted value of 0.72 l/kg. According to PK/PD analysis
vancomycin standard dosages led to a 33% risk of not
achieving the recommended AUC24h/MIC breakpoint for
S. aureus.

This study has integrated variability on both drug
pharmacokinetics and pathogen susceptibility to evaluate
vancomycin dosage in ICU patients. Adequate antibiotic
therapy including optimal dosage has a significant impact
on clinical outcome in patients with life-threatening
infections such as those occurring in ICUs. Clinical failure
and the emergence of resistance in this scenario have been
related to inadequate dosage schedules. However, no use-
ful guidelines for vancomycin dosage individualisation are
available for ICU patients. The effect of patient
pathophysiological status on drug disposition and the
pronounced heterogeneity of critically ill populations
should be taken into account with a view to improving
the precision and appropriateness of dosage selection
in this target population. The available data evaluating
vancomycin pharmacokinetics in ICU patients are scarce,
and studies aimed at applying the PK/PD approach to
this specific population have not yet been attempted. The
present study addresses the above issues and aims at
finding clinically useful information that will allow the
prediction and estimation of the correct dose for each
particular ICU patient on vancomycin therapy.

In light of these clinical aims, a simple pharmacoki-
netic model that permits both the implementation of the
two-stage approach and the use of limited serum data per
patient was selected for our population analysis. A broad
clinical diagnosis was also allowed so that the population
would be typical of what may be encountered in this
clinical setting. As reported for other antibiotics, in-
terindividual variation in vancomycin pharmacokinetics is
considerable in the case of ICU patients, and the increased
Vd value generally ascribed to the sepsis-induced “third
space” [26] is noticeable. Both observations could also
be partly explained in terms of the methodology used in
the present work, i.e. the two-stage and one-compartment
model. Pharmacokinetic modifications in our ICU patients
are evident, however, when comparing these findings
with the values reported using similar approaches in
“conventional” patients (Table 4). Any covariate, apart
from body weight – which was used as normalisation
factor – could explain the large interindividual differences
observed in Vd, whereas CLcr, measured individually
in the patients or estimated using Levey’s formula, ac-
counts for more than 50% of the variability in clearance.
Moreover, the vancomycin clearance-CLcr relationship
obtained in our ICU population differed from those
used for dosage individualisation [27]. This confirms
the need to design useful guidelines for vancomycin
dosage individualisation in ICU patients such as those
reported in the present work. In addition to its CLcr
dependence, vancomycin clearance has been related to
pathological (APACHE II) and clinical (age and albu-
min) characteristics, both explaining an additional 16%
of variability in the parameter. Albumin influence on
vancomycin clearance does not seem to have a plausi-
ble physiological basis. However, this may be due to
albumin being a surrogate of illness severity or other
non-recorded covariates. This would compromise the
predictive ability of our model for other ICU populations.
Confirmation of this hypothesis by prospective assays
would be interesting.

Equations 1 and 2 permit not only the individual pre-
diction and estimation of vancomycin clearance but also
provide a simple method of dosage optimisation: the ap-
propriate daily dose can be easily calculated as the prod-
uct of the target AUC24h and the patient-predicted drug
clearance. This predictive model remains valid throughout
the treatment providing changes in included covariates are
recorded and used in the corresponding equation, allowing
dose adjustment according to patient evolution.

The Monte Carlo simulation techniques have recently
been incorporated in the antimicrobial therapy field
as a methodological strategy to take into account the
pharmacokinetic and pharmacodynamic variability in
PK/PD analysis. Their main interest lies in the possi-
bility of using population pharmacokinetics to predict
the potential efficacy of different dosage schedules in
patients belonging to different population groups, when
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therapeutic drug monitoring is not possible, as long as
the population model is available. The reliability of this
approach, however, is directly related to the adequacy
of the population model, and it will not perform better
than, or replace, predictions from real data coming from
measured serum concentrations.

In the present study this technique was applied for
the first time to vancomycin. The results of Monte Carlo
simulation revealed that doses of 3,000 mg or even
4,000 mg daily may be necessary to reach the high-
est probability of efficacy when susceptible S. aureus
strains are involved in the infectious process. Similar
results were found for other Staphylococcus isolates
(Table 5). The advantages of the proposed procedure over
the more popular so-called single-point analysis [28],
which is based on use of the mean pharmacokinetic
and pharmacodynamic parameters, lie in the possibility
of estimating the level of uncertainty of predictions,
since PK/PD variability is considered for risk analy-
sis. Monte Carlo simulation provides information on
what is probable, while single-point analysis merely
shows what is possible. The differences between the two
– probable and possible – become more relevant as
the pharmacokinetic and pharmacodynamic variabil-
ities increase, as occurs in ICU patients. For exam-
ple, let us consider one of our prototype patients
(59.5 years old, serum albumin level 2.3 g/dl, CLcr
65.5 ml/min, weight 71.5 kg and APACHE II score
18.9), for whom the estimated drug clearance according
to Eq. 1 would be 0.984 ml/min/kg corresponding to
0.059 l/h/kg. A dose of 23.6 mg/kg/day would be esti-
mated as the optimum to reach a target AUC24h/MIC
of 400 if a MIC of 1 mg/l is assumed. Nevertheless,
the Monte Carlo simulation affords a probability of
clinical success of only 70% for such a dose, high-
lighting the relevance of PK/PD variability in risk
analysis.

Regarding GISA strains, doses as high as 5,000 mg/day
lead to a maximum probability of clinical outcome of only
80% for a value of 400 as the breakpoint (Fig. 1). From
these findings, a vancomycin dosage of 2,000 mg/day
should be questioned as a standard schedule in ICU
patients, and the need for higher doses tailored accord-
ing to population kinetics and pathogen susceptibility
seems evident. The results also point to the suitability of
considering antimicrobial agents other than vancomycin
when GISA strains are involved, as suggested by other
authors [29].

In summary, the application of our results to clinical
practice would consist of the following:

1. Use of Eq. 1 or Eq. 2 to estimate the patient’s van-
comycin clearance (ml/min/kg) followed by the unit
conversion to l/h/kg.

2. Estimation of daily dose from the product of the lat-
ter and the desired (target) AUC24h or AUC24h/MIC, if
available.

3. Use of Fig. 1 to obtain directly the recommended
dose for any probability of attaining the AUC24h/MIC
of ≥ 400 (for susceptible S. aureus and GISA) or to
evaluate any dosing regimen used in this population
group.

We believe that the model can be applied provided
the patient and pathogen populations fit those considered
in our study. If this is not the case, the same method-
ological procedure could be followed but the actual
pharmacokinetics (relationship between drug clearance
and patient variables) and pharmacodynamic modelling
(MIC distribution) would have to be used. Note that
neither infusion duration nor AUC24h/MIC breakpoint
affects the usefulness of the model.

Despite the shortcomings of this study, due to its retro-
spective nature and the lack of patient outcome evaluation,
our findings emphasise the risk of vancomycin underdos-
ing in ICU patients, possibly leading to an unfavourable
clinical outcome in therapy with this drug.

Other factors besides the (AUC)24h/MIC ratio have
been reported as variables affecting the clinical outcome
for ICU patients treated with vancomycin [29]. Never-
theless, optimisation of the above PK/PD index should
be the goal when attempting to optimise vancomycin
dosage schedules, since this shows the highest statistical
correlation with response and, more importantly, it is
the only circumstance that can be modified and conse-
quently optimised by dosage adjustment. The patient’s
physiopathological condition and pathogen susceptibility
cannot be avoided or modified but merely considered
when antimicrobial treatment is initiated. Application of
population kinetics together with PK/PD analysis based on
Monte Carlo simulation, as performed in this study, offers
an excellent tool to select the therapeutic option with the
highest probability of clinical success not only in ICU
patients but also in any other population. The reliability
of this approach reinforces the interest of population
pharmacokinetics as a tool for the optimisation of drug
therapy. Prospective validation of the proposed model
would be desirable.
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