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Objectives: The objectives of this study were to characterize the population pharmacokinetics of vancomycin in
trauma patients and to propose dosing schemes to optimize therapy.

Patients and methods: Trauma patients from Hospital Universitario Severo Ochoa (Spain) receiving intravenous
vancomycin and routine therapeutic drug monitoring were included. Concentrations and time data were
retrospectively collected, and population modelling was performed with NONMEM 7.2; internal and external
validations were performed to probe the final model. Finally, several simulations were executed to propose dosing
guidelines to reach expected vancomycin concentrations.

Results: A total of 118 trauma patients were included; the population was 45% males, with a mean age
of 77 years (range 37–100 years) and a mean total body weight (TBW) of 72 kg (range 38–110 kg). The pharma-
cokinetics of vancomycin was best described by a two-compartment open model; creatinine clearance (CLCR) was
related to vancomycin clearance (0.49+0.04 L/h), being diminished by the presence of furosemide
(0.34+0.05 L/h). TBW influenced both the central volume of distribution (V1¼0.74+0.1 L/kg) and peripheral vol-
ume of distribution (V2¼5.9+2 L/kg), but patients with age .65 years showed a larger V1 (1.07+0.1 L/kg).
Bootstrapping was performed to internally validate the stability of the final model. External validation was devel-
oped using an alternate population of 40 patients with the same characteristics. The validated model was
compared with population pharmacokinetic models previously published and showed better predictive perform-
ance for trauma patients than the current one. This final model allowed us to propose a new practical dose guide-
line to reach higher trough concentrations (15–20 mg/L) and AUC0 – 24/MIC ratios of more than 400 after 4 days
of vancomycin treatment.

Conclusions: A new population model was described for trauma patients to optimize vancomycin therapy, show-
ing precise predictive performance to be applied for therapeutic drug monitoring and providing a new practical
dose guideline that considers CLCR and concomitant administration of furosemide for these patients.

Introduction
Vancomycin is one of the most widely used antibiotics for proven
or suspected post-surgery infections in traumatology services.
This glycopeptide has been in clinical use for nearly 50 years
for the treatment of serious infections caused by MRSA, CoNS
(such as methicillin-resistant Staphylococcus epidermidis) and
penicillin-resistant Enterococcus spp.1 MRSA is becoming a
major pathogen in severe healthcare-associated infections;
the incidence can be up to 33% in certain types of surgery, and
the pathogen may cause surgical site, chest or bloodstream

infections, depending upon the carrier status of the individual
concerned.2,3

Vancomycin pharmacokinetics may be influenced by patient
conditions, such as renal function, body weight, age, type
of infection and critical illness, among others; vancomycin is
eliminated mainly by glomerular filtration, with more than
80% recovered unchanged in urine within the first 24 h after
administration of a single dose.4 Moreover, the emergence of
vancomycin-intermediate susceptible and vancomycin-resistant
pathogens over the past decade has increased the complexity of
using this drug.5
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Vancomycin a low therapeutic index; its pharmacokinetic profile
is complex and has been characterized by one-, two- or three-
compartment open models. These models exhibit high inter-
individual and residual pharmacokinetic variability, especially in
the critically ill.4,6 In patients with normal creatinine clearance
(CLCR) and when the drug is given intravenously with a standard
infusion time of at least 1 h, the terminal elimination half-life
has been reported to range between 3 and 12 h, with a volume
of distribution (V) of 0.4–1 L/kg and 50%–55% bound to plasma
proteins.4,7,8 Impurities found in formulations used in the past
were thought to contribute to its toxicity (nephrotoxicity and oto-
toxicity), but nowadays the incidence of renal damage is relatively
low (5%–7%) because high-purity formulations are being used.
However, when vancomycin is given concomitantly with nephro-
toxic drugs, such as aminoglycosides in high doses, or if extended-
duration vancomycin therapy is needed, the likelihood of experi-
encing nephrotoxicity increases.9

Vancomycin-monitoring methods can be categorized into four
categories: empirical trough concentrations, linear regression
analysis (one-compartment open model), population methods
and Bayesian procedures. In clinical practice, dosing of vancomy-
cin is usually performed by means of nomograms and empirical
treatment. However, the majority of the published nomograms
are inaccurate and most have not been clinically validated.10

Non-linear mixed-effects modelling methodology introduced
to population pharmacokinetic analysis has become a standard
procedure to analyse sparse data.11 For vancomycin, several
population pharmacokinetic studies have been performed for
neonates, paediatric patients, critically ill patients and burn
patients, among others,12 – 15 with no reports published for the
drug in trauma patients.

Defining trauma patients can be done by means of an algo-
rithm from the Guidelines for Field Triage of Injured Patients, a
report that was presented by the CDC and the National Center
for Injury Prevention and Control, which states that a trauma
patient is any person involved in a traumatic incident who has
symptoms or injuries included within the said algorithm.16 In
these patients, tissue damage can lead to the activation of the
immune system (release of cytokines, ILs and other mediators
of inflammation), haemodynamic changes, increased capillary
leakage, microvascular stasis and accumulation of peripheral
fluid.17,18 When this response is systemic, it is called the systemic
inflammatory response syndrome (SIRS) and it can alter antibiotic
pharmacokinetics through an augmented renal clearance in
patients without significant renal dysfunction.19 Moreover, capil-
lary leakage can result in fluid movement from the intravascular
space to the interstitial compartment, leading to increased V and
reduced drug plasma concentrations.20 – 22 Because of these
changes, the administration of standard antibiotic doses may
result in sub-therapeutic concentrations being of relevance in the
identification of the physiological predictors of altered drug dispos-
ition and in the study of drug pharmacokinetics in trauma patients
in order to develop dosing guidelines to maximize the target-site
antibiotic concentration and reduce treatment failures.

Therefore, the aim of the current work was to perform a popula-
tion analysis in order to elucidate the pharmacokinetic parameters
and factors that may affect vancomycin pharmacokinetics in
trauma patients, for whom usually high doses of the drug are
required. Moreover, a new dosing guideline for vancomycin in
trauma patients was also developed.

Patients and methods

Study design
This retrospective study included adult patients from the Traumatology
Service with proven or suspected infection who were receiving vancomycin
by intravenous infusion and routine therapeutic drug monitoring (TDM).
Data collection was performed between 2010 and 2013 according
to the ethical procedures of the Hospital Universitario Severo Ochoa
(Leganés, Spain). Data from pregnant women, patients undergoing hae-
mofiltration, and patients with haematological malignancies, burns or cys-
tic fibrosis were excluded from the current study.

Vancomycin was administered by intermittent infusion over 1 h, and
blood samples were collected at least 1 h after completion of the drug
infusion (peak vancomycin levels) and up to 30 min before starting vanco-
mycin administration (trough vancomycin levels). Clinical information
regarding vancomycin administration was retrieved from each patient’s
medical record (doses, start of infusion, infusion rate and dosing interval),
as well as data from TDM (serum sampling date and time, as well as assay
concentration).

The following data were also retrieved from each patient’s medical
record: age (years), sex, total body weight (TBW; kilograms), height (centi-
metres) and serum creatinine concentration (milligrams per decilitre).
These data were used to estimate BMI (kilograms per metre squared; cal-
culated as TBW divided by height in metres squared), body surface area
{metres squared; calculated as [(TBW×height)/3600]2} and total CLCR

(litres per hour) based on the Cockcroft–Gault equation. Clinical data
such as concentrations of urea, uric acid, total proteins, albumin, total bili-
rubin, ALT and AST were also recorded. Information about concomitant
medication such as furosemide, non-steroidal anti-inflammatory drugs
(NSAIDs) and aminoglycosides was included as categorical data.

The population that was assayed was divided into two groups: one
group, composed of 118 patients, was used to build the population phar-
macokinetic model (population study group); and the other one, com-
posed of 40 patients, was used for external validation (validation study
group). Patients were randomly assigned to each group.

Vancomycin assay
Vancomycin serum concentrations were measured using a ‘Roche/Hitachi
Cobas c’ assay system (Hoffmann-La Roche, Basel, Switzerland) based on
immunoassay following the manufacturer’s procedure. The quantification
limit was 1.7 mg/L and the intra- and inter-assay coefficients of variation
(CVs) were ,5% over the entire calibration range (1.7–80 mg/L).

Pharmacokinetic analysis
Pharmacokinetic modelling was performed using non-linear mixed-effects
analysis with NONMEM 7.2 (Icon Development Solution, Ellicott City, MD,
USA). Subroutines ADVAN1 TRANS2 and ADVAN3 TRANS4 were used to
evaluate the one- and two-compartment pharmacokinetic open models,
respectively. A first-order conditional estimation method was utilized to
calculate the mean and variance of the population pharmacokinetic para-
meters. The fixed-effects parameters that were directly estimated from
the one-compartment open model were total CL and V. For the two-
compartment open model, the pharmacokinetic parameters calculated
were total CL, central V (V1), inter-compartmental CL (Q) and peripheral
V (V2).

The statistical models used to account for inter-individual variability in
the pharmacokinetic parameters, as well as for the residual error, were
modelled with homoscedastic (additive), heteroscedastic (proportional)
and exponential error.

The Akaike information criterion (AIC) was calculated based on
the objective function (OBJ) for comparing structural models; a drop
of 2 U was the threshold for considering one model over another

Medellı́n-Garibay et al.

472

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/71/2/471/2364217 by guest on 22 M

ay 2023



(AIC¼OBJ.np, where np is the total number of parameters in the model).
Graphical analysis and a generalized additive model were employed to
evaluate the influence of covariates on the population pharmacokinetic
parameters estimated from the base pharmacokinetic model selected.
Covariates (age, sex, TBW, height, BMI, body surface area, serum creatinine
concentration, CLCR and concomitant medication such as furosemide,
NSAIDs and aminoglycosides) were introduced into the population
model using linear, allometric or exponential functions. Changes occurring
in the OBJ and due to the addition of covariates in the regression model
were x2 asymptotically distributed, with degrees of freedom (d.f.) equal
to the difference in the number of parameters between models. A differ-
ence (DOBJ) higher than 3.8 (P,0.05, d.f.¼1) was considered significant
for the addition of a covariate. An intermediate model was obtained by
first adding the continuous covariates that showed influence on the
base model and then keeping only those covariates that significantly
diminished OBJ, as already mentioned. Each covariate was added indi-
vidually, the most important ones first, with the rest of them being
added or dropped following the same criteria. A model was selected
when no further improvement occurred. Finally, the discrete covariate
with influence over the intermediate model was selected as mentioned
before, and the selection was followed by graphical assessment.
Evaluation of the final model was performed by means of backward elim-
ination in which each of the covariates was deleted in the same order as it
was introduced into the model, andDOBJ .10.836 (P,0.001, d.f.¼1) was
considered significant. Therefore, clinically relevant covariates that
explained inter-individual variability showing a significant contribution to
the estimation of the fixed parameters were kept in the model.11,23 The
precision of the parameter estimate is expressed as the standard error
(SE) reported in covariance tables given by NONMEM.

Once the final model was selected, a bootstrap analysis was per-
formed, with 200 replicates from the original dataset used in order to
adequately reflect the distribution of the pharmacokinetic parameters.
The median and IQR for each parameter obtained from bootstrapping
must cover the true value of the parameter estimated to prove stability
of the final model.11

Validation
External validation was carried out in a separate group of patients (valid-
ation study group, n¼40) with characteristics similar to those of the popu-
lation study group. To evaluate the predictive performance of the final
model, an alternate dataset was tested for external validation with
NONMEM, and it was compared with the base model and four population
pharmacokinetic models previously published in the literature in different
clinical settings but with two-compartmental analysis of vancomycin
pharmacokinetics. This comparison analysis was conducted to prove the
goodness of fit of our analysis, which is the first vancomycin population
analysis specifically performed in such a vulnerable population as trauma
patients. These population models were selected based on the review per-
formed by Marsot et al.14 and the external evaluation carried out by Deng
et al.,15 both of which compared the population model, structural model,
related covariates and parameters obtained from two-compartment open
models that described the pharmacokinetics of vancomycin in adult
patients better than the one-compartment open model. These studies
used population approaches with characteristics similar to those of the
current study, and information about the pharmacokinetic models devel-
oped was fully available. Works that included patients from ICUs, patients
undergoing haemodialysis, patients with haematological malignancies, or
patients with burn injuries or that applied different biomarkers in the popu-
lation final model were not considered.

The structural models, equations and values of the pharmacokinetic
parameters, the covariates included in each model, as well as inter-
individual variability, residual variability and estimation methods used
were retrieved from each study, to perform the external validation.
Finally, fixed parameters were set as reported and predicted values

(PRED) were estimated by applying the corresponding subroutine;
the observed value (DV) was set to zero, and the simulation was carried
out using the same sampling times as were used for the validation
dataset.

The predictive performance of the population pharmacokinetic model
was evaluated using an a priori method. Vancomycin serum concentra-
tions of the validation group were compared with their predicted values
in order to estimate the precision of the population model built. The bias
fit was evaluated via the mean prediction error (MPE). Precision was esti-
mated via the absolute prediction error (APE), the mean-squared predic-
tion error (MSPE) and the root-mean-squared of the prediction error
(RMSPE).24,25

Dosing guideline simulations
Typical patients were simulated to predict vancomycin concentrations
with different dosage regimens. A range of CLCR from 15 to 180 mL/min
was evaluated with different doses of vancomycin estimated as multiples
of 250 mg, in order to establish a dosage guideline to achieve target
trough concentrations between 15 and 20 mg/L at steady state. The simu-
lations were performed with 200 patients by means of the final population
pharmacokinetic model using the fixed parameter estimates, inter-
individual variability and residual variability. Individual parameter esti-
mates were obtained for each simulated patient, and the area under
the concentration versus time curve for 24 h (AUC0 – 24) was calculated
from the ratio of daily dose to CL.

Results and discussion

Demographics

The population study group was composed of 118 patients (45%
males); demographic and clinical characteristics of both groups
that were assayed (population study group and validation study
group) are summarized in Table 1. For both populations, a total
of 511 serum vancomycin concentrations were available. The
median age of the population study group was 77 years, ranging
from 37 to 100 years. The median value of CLCR, using the
Cockcroft–Gault equation based on TBW was 70.7 mL/min/
1.73 m2 (range 16–273 mL/min/1.73 m2); 64.4% of the patients
concomitantly received NSAIDs, 19% received aminoglycosides
and 23.7% received furosemide.

Table 1. General characteristics of the populations assayed

Variable
Population

group (n¼118)
Validation

group (n¼40)

Age (years) 74.3+14 73.4+15
TBW (kg) 72.0+15 70.9+13
BMI (kg/m2) 27.5+5 27.8+5
CLCR (L/h) 5.43+3.1 4.59+2.6
Urea concentration (mg/dL) 43.7+26 45.1+26
Uric acid concentration (g/dL) 5.0+2.3 4.4+1.8
Total protein concentration (g/dL) 6.1+0.9 6.1+0.9
Albumin concentration (g/dL) 3.3+0.7 3.3+0.6
Total bilirubin concentration (g/dL) 0.56+0.5 0.57+0.4
AST concentration (U/L) 21.8+13 24.1+14
ALT concentration (U/L) 20.4+14 21.2+18

Data are shown as mean+SD.
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Different dosage regimens were used during the time period
studied (2010–13). The initial dosage regimens most frequently
given were 1000 mg twice daily (74.6%), 500 mg twice daily
(19.5%) and other ones (5.9%); followed by routine adjustment
based on TDM. The mean+standard deviation (SD) values
of the initial doses administered to the population and valida-
tion study groups were 25.3+7.8 and 26.2+8.9 mg/kg/day,
respectively.

A total of 392 serum vancomycin concentrations were avail-
able for model development, ranging from 1 to 16 blood samples
per patient; 34 patients (28.8%) had only one vancomycin level,
32 patients (27.1%) had two levels and the rest had more than
three levels per patient. Regarding the validation study group,
119 serum vancomycin concentrations were available from
40 patients.

Population pharmacokinetics of vancomycin and
internal validation

According to AIC, a two-compartment open pharmacokinetic
model was chosen for the base model with exponential
inter-individual variability associated with both CL (Q1) and V1
(Q2). Residual variability was modelled as homoscedastic (addi-
tive) error.

The influence of covariates was evaluated using the two-
compartment open model and assuming the same covariates
for CL, V1, V2 and Q. TBW showed effect over V1 and CLCR showed
influence over CL when introduced individually in the base model,
and each showed a significant reduction of the inter-individual
variability associated with V1 and CL, respectively. Age was also
tested as a continuous covariate, but its influence was finally

0
0

10 20 30 40 50

10

20PR
ED

 (m
g/

L)

DV (mg/L)

30

40

50(a)

0
0

10 20 30 40 50

10

20PR
ED

 (m
g/

L)

DV (mg/L)

30

40

50(b)

–4

–2

CW
RE

S

CLCR (L/h) CLCR (L/h)

0
10 12 14 16 180 14 16 180

2

4(c)

–4

–2

0

2

4

CW
RE

S

(d)

2 4 6 8 10 122 4 6 8

Figure 1. Goodness of fit scatter plots of PRED versus DV vancomycin concentrations (including the identity line) for the (a) base and (b) final
two-compartment open model. Scatter plots of CWRES versus CLCR (including the identity line) for the (c) base and (d) final two-compartment open
model corresponding to the population study group (n¼118).
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considered irrelevant when compared with that of TBW for V1.
Finally, TBW also resulted in a significant reduction of the OBJ
when included in V2.

The addition of TBW and CLCR to the pharmacokinetic model
allowed for a significant reduction in both inter-individual and
residual variability, enhancing the fact that dosage optimization
in adults depends on both covariates.

Considering this model as an intermediate one, categorical
data were included and evaluated. Sex had no influence, but
it was used for the estimation of CLCR. Age was incorporated
as a categorical covariate, showing a larger V1 for patients
over 65 years old. The only medication that significantly
improved goodness of fit was furosemide administered
concomitantly; its use resulted in a different value for vanco-
mycin CL.

Figure 1 shows the scatter plots of PRED versus DV vanco-
mycin concentrations for the base model and the final model.
The introduction of covariates in the model clearly reduced the
dispersion of the points around the identity line. The scatter plots
of conditional weighed residuals (CWRES) versus CLCR (including
the identity line) are also shown to demonstrate the influence
of CLCR on the pharmacokinetic model. The shrinkages of
the inter-individual and residual variabilities obtained for the
final two-compartment model were 16.2%–48.5% and 16.1%,
respectively.

The results obtained from bootstrapping are summarized in
Table 2, in which the fixed parameters (Q) corresponding to the
final two-compartment open model with covariates are indicated
as median and 5th and 95th percentiles. The percentiles reported
cover the mean values estimated for each parameter, reflecting
the symmetry of the distribution and assuming stability for the
final model.

Pharmacokinetics and pharmacodynamics can be altered
by age, which implies changes in V and CLCR, thereby resulting
in a modification of the dose–effect profiles, as well as in the
drug plasma concentrations achieved. In older populations,
increased risk of adverse drug effects can be mainly attributed
to overdose of medication. In elderly patients, glomerular filtra-
tion is often estimated by means of the Cockcroft – Gault

equation, which uses TBW, sex and age, thereby applying
these characteristics to dosage calculations. However, in this
population, renal dysfunction can go unnoticed by standard
laboratory analysis, because the reduction of muscle in older
patients when compared with that in younger patients can
result in lower serum creatinine concentration with the same
renal functionality.26

On the other hand, furosemide may enhance the nephrotox-
icity of some antibiotics.27 A study performed in an adult popula-
tion28 showed that for the younger group of patients (,60 years),
only concomitant administration of amphotericin B was signifi-
cantly related to vancomycin-associated nephrotoxicity [relative
risk (RR)¼6.65]; whereas for the elderly population (≥60 years)

Table 2. Pharmacokinetic parameters, inter-individual variability and residual error obtained for the final two-compartment open model; internal
validation by bootstrapping

Pharmacokinetic model Parameter Mean+SE

Bootstrap (n¼200)

median

percentile

5th 95th

Furosemide¼0: CL¼Q1×CLCR (L/h) Q1 0.49+0.04 0.49 0.43 0.56
Furosemide¼1: CL¼Q5×CLCR (L/h) Q5 0.34+0.05 0.35 0.26 0.43
Age .65 years: V1¼Q2×TBW (L/kg) Q2 1.07+0.11 1.07 0.88 1.28
Age ≤65 years: V1¼Q6×TBW (L/kg) Q6 0.74+0.12 0.74 0.56 1.01
Q¼Q3 (L/h) Q3 0.81+0.14 0.83 0.58 1.02
V2¼Q4×TBW (L/kg) Q4 5.9+1.9 5.99 1.87 9.15
Inter-individual variability associated with CL (CV %) v2

CL 36.7+19 36.2 27 45
Inter-individual variability associated with V1 (CV %) v2

V1 40.0+21 37.1 22 45
Residual variability (CV %) s 19.2+6 19.3 17 21

0
0 5 10 15 20 25 30 35 40 45 50

5

10

15

20

25

PR
ED

 (m
g/

L)

DV (mg/L)

30

35

40

45

50

Figure 2. External validation of the final model: plot of PRED versus DV
vancomycin concentrations corresponding to the validation group and
obtained for the final two-compartment open model (n¼40).
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Table 3. Predictive performance and external validation of the current and four other final two-compartment open models previously published

Reference Population
Pharmacokinetic model and

parameter estimate
Inter-individual

variability
Residual

variability
MPE (CI 95%)

(mg/L)
APE (CI 95%)

(mg/L)
RMSPE
(mg/L)

Current study
(base model)

trauma patients
age: 74.3+14 years
TBW: 72+12 kg
CLCR: 90.5+52 mL/min

CL(L/h)¼2.2
V1 (L)¼57.6
Q (L/h)¼0.75
V2 (L)¼155

IIV-CL¼59.5%
IIV-V1¼62.4%

SD¼4.1 mg/L
CV¼21.7%

8.44 (6.9, 9.9) 9.70 (8.5, 10.9) 13.5

Current study
(final model)

CL (L/h)¼0.49×CLCR

*CL (L/h)¼0.34×CLCR (if furosemide)
V1 (L/kg)¼0.74×TBW (if age ≤65 years)
*V1 (L/kg)¼1.07×TBW (if age .65 years)
Q (L/h)¼0.81
V2 (L/kg)¼5.86×TBW

IIV-CL¼37%
IIV-V1¼40%

SD¼3.5 mg/L
CV¼19.2%

0.08 (20.9, 1.1) 4.46 (3.9, 5.1) 5.6

Purwonugroho
et al.,5 2012

age: 66.6+18 years
TBW: 57+12 kg
CLCR: 35.1+29 mL/min

CL (L/h)¼0.044×CLCR

V1 (L)¼0.542×age
Q (L/h)¼6.95
V2 (L)¼44.2

IIV-CL¼35.8%
IIV-V1¼20.9%
IIV-Q¼39.5%
IIV-V2¼52.3%

SD¼4.5 mg/L 2.73 (1.7, 3.8) 4.8 (4.0, 5.6) 6.5

Sánchez
et al.,32 2010

age: 55+14 years
TBW: 73+17 kg
CRs: 1.05+0.7 mg/dL

CL (L/h)¼0.157+0.563×CLCR

V1 (L)¼0.283×TBW
Q (L/h)¼0.111×TBW
V2 (L)¼32.2×age/53.5

IIV-CL¼24.5%
IIV-V2¼6.8%

SD¼5.0 mg/L
CV¼24.9%

4.85 (3.7, 6.0) 6.08 (5.1, 7.1) 8.2

Yamamoto
et al.,36 2009

age: 65.4 (26–98) years
TBW: 52.6 (29–97) kg
CLCR: 79.6+42 mL/min

CL (L/h)¼0.32+0.032×CLCR

*CL (L/h)¼3.83 (if CLCR .85 mL/min)
V1 (L)¼0.48×TBW
Q (L/h)¼60.6
V2 (L)¼8.81

IIV-CL¼37.5%
IIV-V1¼18.2%
IIV-Q¼19.2%
IIV-V2¼72.8%

CV¼14.3% 5.53 (4.5, 6.6) 6.30 (5.4, 7.2) 8.1

Thomson
et al.,31 2009

age: 66 (16–97) years
TBW: 72 (40–159) kg
CLCR: 64 (12–216) mL/min

CL(L/h)¼3.0×[1+0.015×(CLCR–66)]
V1 (L/kg)¼0.68×TBW
Q (L/h)¼2.28
V2 (L/kg)¼0.732×TBW

IIV-CL¼27%
IIV-V1¼25%
IIV-V2¼130%
IIV-Q¼49%

SD¼1.6 mg/L
CV¼15%

1.40 (0.4, 2.4) 4.16 (3.5, 4.8) 5.5

IIV, inter-individual variability.
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only concurrent loop diuretic use was significantly related to
vancomycin-associated nephrotoxicity (RR¼9.70).

Moreover, it has been stated that even patients receiving
diuretics may have an impaired renal function, and the use of
furosemide may worsen such a condition because the diuretic
effects of furosemide depend on its active tubular secretion and
thus on its tubular fluid concentration.29

External validation

The characteristics of the population used for external valid-
ation are summarized in Table 1. Figure 2 shows the scatter
plot of PRED versus DV vancomycin concentrations correspond-
ing to the validation group, and the metrics for the predictive
performance of each study selected for external evaluation
are shown in Table 3. The final pharmacokinetic population
models used for comparison showed the influence of CLCR,
which was estimated via the Cockcroft–Gault equation using
TBW, sex and age. As reported in these studies, CL is slower
than CLCR, with the elimination of vancomycin depending on
tubular secretion and the concomitant administration of
other drugs, such as furosemide, that undergo the same elim-
ination pathway. All these studies reported weight-normalized
V, which has been shown to be larger for geriatric populations
because of changes in the peripheral circulation occurring in
this age group.28,30

The reductions of MPE, APE and RMSPE that were observed in
the current study compared with those of the other models
allow us to conclude that the final model, which includes four cov-
ariates (two categorical and two continuous), is suitable to be
applied for trauma patients, despite the high variability observed
in the pharmacokinetic behaviour of vancomycin. Moreover, this is
the first population pharmacokinetic study conducted for vanco-
mycin in trauma patients. The model developed by Thomson
et al.31, which reports a V1 of 0.7 L/kg but with no age-related dif-
ferences and vancomycin CL related to CLCR using an allometric
equation, showed predictive performance closest to the one
obtained with the final model of the current study. Only the
model reported by Purwonugroho et al.5 stated the effect of age
on V1, and Sánchez et al.32 included this covariate in V2. The rest

of the studies that were used for comparison denoted TBW and
CLCR as the most influential covariates; however, after external
validation, their predictive performances were not good enough,
displaying larger values for the prediction errors for trauma
patients. Deng et al.15 stated that a patient’s clinical status and
ethnicity and the amplitude of the covariates are factors that
could influence the predictive performance of these pharmacoki-
netic models.

Dosing guideline simulations

CLCR was the covariate that showed the most influence in select-
ing appropriate dosage guidelines. The effect of furosemide
was also evaluated, since vancomycin CL is reduced �30%
when given concomitantly with the diuretic; and also in order to
establish whether the proposed doses should be diminished or
the dose interval should be amplified. Table 4 summarizes the
vancomycin dosing guidelines proposed in our study for trauma
patients; the guidelines were based on CLCR, with or without con-
comitant furosemide administration, and were derived to achieve
AUC0 – 24/MIC ratios above 400 and trough concentrations from
15 to 20 mg/L with the expectation that steady-state concentra-
tions would be reached after 4 days of vancomycin therapy. The
proposed doses are higher than previously recommended, but
they were predicted to achieve higher trough concentrations
after taking into consideration the overall clinical status of trauma
patients.

Based on evidence, it is recommended that trough serum
vancomycin concentrations always be maintained above
10 mg/L to avoid the development of resistance.1 For complicated
infections, such as bacteraemia, meningitis, osteomyelitis,
endocarditis and hospital-acquired pneumonia caused by
Staphylococcus aureus, total trough serum vancomycin concen-
trations of 15–20 mg/L are recommended based on their poten-
tial to improve penetration, increase the probability of optimal
target serum levels and improve clinical outcomes. For this, an
AUC0 – 24/MIC ratio of ≥400 should be achieved in most patients
if the MIC is ≤1 mg/L.1,31 Vancomycin dosages of 15–20 mg/kg
(based on TBW) given every 8 –12 h will be needed for most
patients with normal renal function in order to achieve the
suggested serum concentrations when the MIC is ≤1 mg/L.
Moreover, individual pharmacokinetic adjustments and verifica-
tion of serum target achievement are recommended.1,33

In patients with S. aureus bacteraemia, delayed initiation of
appropriate antimicrobials increased mortality and was asso-
ciated with prolonged hospitalization.34 Because it may take sev-
eral days for vancomycin to reach steady-state concentration
(half-life of 5–11 h in adults, prolonged in renal impairment),
the administration of a loading dose would allow for more rapid
achievement of target concentrations of 15 –20 mg/L, which
may be beneficial in severely ill patients. In general, the loading
dose is proportional to the target serum drug concentrationmul-
tiplied by V.31,35

In conclusion, despite the wide inter-individual variability and
residual variability in vancomycin pharmacokinetics, a population
model was developed for trauma patients based on the analysis
of routine monitoring. Vancomycin CL was related to CLCR and the
presence of furosemide when given concomitantly; V1 was
related to TBW and age, following a two-compartment distribu-
tion. The final model was validated internally and evaluated

Table 4. Dosage guidelines proposed for trauma patients based on
simulations (n¼200) of the final population pharmacokinetic model and
performed to achieve trough vancomycin concentrations from 15 to
20 mg/L and AUC0 – 24/MIC ratios over 400, and dosage guidelines
proposed for patients concomitantly receiving furosemide

Vancomycin dosage guidelines Plus furosemide

CLCR (mL/min) dose (mg)/t (h) CLCR (mL/min) dose (mg)/t (h)

,25 750/24 ,20 500/24
26–35 1000/24 20–35 750/24
36–54 500/12 36–54 1000/24
55–84 750/12 55–84 1500/24
85–110 1000/12 85–110 750/12
111–130 1250/12 111–150 1000/12
.130 1500/12 .150 1250/12
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externally by comparing a different dataset developed in our
study with the results of previous studies found in the literature.
Population analysis allowed the suggestion of new vancomycin
dosage guidelines for trauma patients based on CLCR and the
presence of furosemide. These proposed dosing guidelines are
practical and predict that most of the trough concentrations will
be within the desired range (15–20 mg/L) after 4 days of vanco-
mycin treatment. However, TDM should be still performed to
ensure efficacy and reduce the risk of toxicity.
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