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ABSTRACT 

Vancomycin is a tricyclic glycopeptide antibiotic, mostly used 
in the treatment of severe staphylococcal and enterococcal infec-
tions, especially in orthopedic surgery.  

The purpose of this analysis was to develop a population 
pharmacokinetic (PPK) model of vancomycine in hospitalized pa-
tients with bone fractures and identify important factors which in-
fluence its clearance (CL). 

A total of ninety-nine measurements of vancomycin serum 
concentrations were used in our population modeling. A two-
compartment model was applied to describe the pharmacokinet-
ics of vancomycin using subroutines ADVAN3 and TRANS4.  

The study population included patients of both sexes, with the 
mean age of 62.12±14.69 years and body weight of 
80.32±12.44kg. Vancomycin was administered as intravenous in-
fusion with average daily dose of 1772.73±521.34mg. Out of 
twenty different factors evaluated in the study (including demo-
graphic, clinical and laboratory data), only daily dose of vanco-
mycin (DD) and co-medication with piperacillin/tazobactam (PT) 
showed significant effect on clearance of vancomycin. The final 
model was described by the following equation: CL (l/h) = 0.03 
+ 0.000468 x DD + 0.675 x PT. Bootstrapping was used for val-
idation of the final model.  

In conclusion, the main causes of variability in the clearance 
of vancomycin among adult patients with bone fractures are daily 
dose of vancomycin and co-medication with piperacillin/tazobac-
tam.  

 
Keywords: vancomycin, population pharmacokinetics, trauma, 
non-linear mixed effects model (NONMEM). 

SAŽETAK 

Vankomicin je triciklicni glikopeptidni antibiotik, koji se kori-
sti u terapiji teških infekcija izazvanih stafilokokom i enteroko-
kom, posebno u ortopedskoj hirurgiji. 

Svrha ovog istraživanja bila je da se razvije populacioni far-
makokinetski (PPF) model vankomicina kod hospitalizovanih pa-
cijenata sa prelomima dugih kostiju i da se utvrde faktori koji su 
bitni za klirens (KL) vankomicina.  

Devedest devet uzoraka seruma sa izmerenim koncentraci-
jama vankomicina je korišćeno za naš model. Model sa dva pro-
stora je korišćen da opiše farmakokinetiku vankomicina sa pot-
programima ADVAN3 i TRANS4.  

Populacija je uključivala oba pola, sa prosečnom starošću 
62,12±14,69 godina i telesnom težinom 80,32±12,44 kg. Van-
komicin je primenjivan u obliku intravenske infuzije sa prosečnom 
dnevnom dozom 1772,73±521,34 mg. Analizirano je dvadeset 
faktora, a utvrđeno je da samo dnevna doza vankomicina i pri-
mena piperacilin tazobaktama značajno utiču na klirens vankomi-
cina. Završni model je opisan jednačinom: KL (l/h) = 0.03 + 
0.000468 x DD + 0.675 x PT. Butstrap analiza je korišćena za 
validaciju krajnjeg modela.  

U zaključku, glavni uzroci varijabilnosti klirensa vankomicina 
među odraslim pacijentima sa prelomima dugih kostiju jesu 
dnevna doza vankomicina i komedikacija piperacilin tazobakta-
mom. 
Ključne reči: vankomicin, populaciona farmakokinetika, trauma, 
NONMEM.

ABBREVIATIONS 

acute kidney injury (AKI)  
alanine aminotransferase (ALT)  
angiotensin-converting enzyme (ACE) inhibitors 
aspartate aminotransferase (AST) 
clearance (CL) 
coefficient of variation (CV) 
colistin (COL) 
C-reactive protein (CRP)  
fibrinogen (FB) 
first-order conditional estimation (FOCE) 

furosemide (FUR) 
heparin (HEP) 
minimum objective function (MOF) 
non-linear mixed effects model (NONMEM) 
nonsteroidal anti-inflammatory drugs (NSAIDs)  
piperacillin/tazobactam (PT)  
population pharmacokinetics (PPK) 
population predicted (PRED) 
pro-brain natriuretic peptide (proBNP) 
therapeutic drug monitoring (TDM)
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INTRODUCTION  

Vancomycin is a tricyclic glycopeptide antibiotic, first 
isolated in 1956, mostly used for the treatment of severe 
staphylococcal and enterococcal infections. The mechanism 
of action of vancomycin is by inhibiting peptidoglycan fusion 
within the cell wall by binding alanine (1). Increased inci-
dence of meticillin resistant staphylococcal strains led to 
more extensive use of vancomycin in various patient popula-
tions (2). 

Regardless of its hydrophilicity, vancomycin is exten-
sively distributed, as its volume of distribution ranges be-
tween 0.4 and 1 l/kg of the total body weight. About 55% of 
drug in plasma is bound to human serum proteins, mostly to 
albumin and IgA. Following intravenous administration, van-
comycin is minimally metabolized and renal elimination ac-
counts for 80–90% of vancomycin clearance (3-5). Vanco-
mycin pharmacokinetics has been described by one-, two-, or 
three-compartment models (2-4).The elimination half-life 
ranges from 3 to 9 hours in patients with normal renal func-
tion. Data suggest that maintaining vancomycin trough val-
ues above 15 mg/l increases the risk of nephrotoxicity, but 
low concentrations may result in less effective therapy and 
an increased bacterial resistance. On the other hand, it was 
reported that dosing regimens with 4g of vancomycin per day 
had been related with a high rate of nephrotoxicity or ototox-
icity (6, 7). All of these facts created a need to more carefully 
inspect the factors that influence variability of vancomycin 
pharmacokinetics (2). 

Different patients’ conditions such as renal function, type 
of dialysis or presence of various diseases could influence 
vancomycin pharmacokinetics (8). Only a few population 
pharmacokinetic studies of vancomycin were performed in 
specific subgroups of patients, like neonates, pediatric pa-
tients, obese patients and neurosurgical patients among oth-
ers, and no reports on vancomycin pharmacokinetics in pa-
tients with bone fractures were previously published (3, 9-
11).  

THE AIM OF THE PAPER 

The aim of our study was to calculate average values of 
serum vancomycin concentrations and determine factors that 
may affect them in adult patients hospitalized due to long 
bones’ fracture. 

METHODS 

Patient data 

Target population consisted of 99 inpatients with long 
bones’ fractures, hospitalized in Clinical Center (Kragujevac, 
Serbia), where vancomycin was administered as an intrave-
nous infusion. Serum samples were prospectively collected 
using routine therapeutic drug monitoring (TDM) from Jan-
uary to September 2017. The study protocol was approved by 
the Ethics Committee of the Clinical Center Kragujevac (N0 
01-1267, approved on February 1st 2016) and informed 

written consent was obtained from all the participants en-
rolled. Also, the research was conducted in accordance with 
the principles of the Helsinki Declaration. 

The data were collected from medical documentation and 
included records related to patient demographic characteris-
tics (body weight, age and sex), value of laboratory tests (cre-
atinine clearance, serum albumin, total bilirubin, aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), C-
reactive protein (CRP), fibrinogen (FB), pro-brain natriuretic 
peptide (proBNP)) and clinical data (length of hospitaliza-
tion, presence of sepsis and concomitant medications). All 
variables are summarized in Table 1. The inclusion criteria 
were: adult patients (>18 years old) hospitalized due to frac-
ture(s) of long bones and an intravenous administration of 
vancomycin for at least 3 days without changes in the daily 
dose. Patients on dialysis, with history of cirrhosis and vari-
ous types of cancer were excluded. Serum concentrations of 
vancomycin were measured by immunoassay using Cobas®e 
601 analyzer (Roche Diagnostics, Mannheim, Germany), ac-
cording to the manufacturer’s instructions. To ensure that the 
drug concentrations were at steady-state, all samples were 
obtained after 72h hours of repeated doses of vancomycin. 
The trough serum concentrations were the most often rec-
orded (from seventy-eight patients), while only 21 blood 
samples were taken 1-3h after administration of the drug.  

Population pharmacokinetics analysis 

Pooled data were available from all patients and analyzed 
using the NONMEM software version 7.3.0 (Icon Develop-
ment Solution, MD,) with FOCE (first-order conditional es-
timation) approach with interaction between parameters in-
cluded in our population pharmacokinetics (PPK) modeling 
(12, 13). We evaluated two structural models (one-compart-
ment and two-compartment) in accordance with the literature 
data related to vancomycin pharmacokinetics. The base 
model was selected according to the size of the minimum ob-
jective function (defined as -2 timed the log-likelihood - 
MOF) and by the insight into diagnostic plots. Subroutines 
ADVAN3 and TRANS4 were utilized in a two-compartment 
model to describe pharmacokinetics of vancomycin and its 
clearance as the main parameter. Normal distribution of the 
individual pharmacokinetic parameters was assumed by our 
model. At this phase of the study, we also investigated vari-
ous models of error to account for both inter-individual and 
residual variability. The inter-individual variability was 
tested using additive and exponential error models, while re-
sidual variability was tested using an additive, exponential, 
constant coefficient of variation (CCV) and combined (addi-
tive and CCV) error models.  

The following demographic, clinical and laboratory test 
data were collected for evaluation as potential covariates: to-
tal body weight (TBW), age and sex of patients, length of 
hospitalization, presence of sepsis, total daily dose of vanco-
mycin, creatinine clearance, serum albumin, total bilirubin, 
AST, ALT, CRP, fibrinogen, proBNP and co-medication 
with colistin (COL), furosemide (FUR), piperacillin/ 
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tazobactam (PT), nonsteroidal anti-inflammatory drugs 
(NSAIDs), heparin (HEP) and angiotensin-converting en-
zyme (ACE) inhibitors. All continuous variables examined in 
the study were not parameterized. The covariate model was 
built in stepwise manner where each covariate was added one 
at a time using linear or nonlinear manner. To compare indi-
vidual covariate models, we used change in the MOF values 
and the visual inspection of plots in order to estimate better 
fitting of data relative to the base model. The reduction in the 
MOF produced by inclusion of a covariate for at least 3.84 
(p<0.05, d.f.=1) and also the improvements of the fitting data 
were the main criteria for inclusion of covariate in the full 
model. The full model was created by insertion of all signif-
icant covariates at the same time. This model was further 
tested by the backward deletion process for each covariate, 
one at a time, to obtain the final model. An increase in the 
MOF of at least 6.64 (p<0.01, d.f.=1) was used as the main 
criteria for retaining significant covariate in the final model. 
During all levels in the building of the final PPK model for 
vancomycin clearance, we evaluated presence of the reduc-
tion in both mentioned variability and also the improvements 
in diagnostic plot of the observed concentrations versus pop-
ulation predicted concentrations of vancomycin.  

In order to validate the derived PPK model and estimate 
its predictive performance, we applied the bootstrapping 
analysis. This non-parametric method is a resembling tech-
nique that includes large number of data replicates (several 
hundred or thousand) with replacement from the index set 
using the individual patients as the sampling unit. Each of the 
bootstrap data sets was fitted to the final model to obtain the 
bootstrap estimated values of pharmacokinetic parameters 
and their variability was tested using NONMEM software. 
The mean values of estimated PK parameters and 2.5th–
97.5th percentile of the bootstrap data set parameters were 
compared to the final pharmacokinetic parameter estimates. 

RESULTS 

A total of ninety-nine vancomycin serum concentrations 
from adult inpatients with long bone fractures were included 
in our population modeling. A two-compartment model was 
applied to describe the pharmacokinetics of vancomycin. Our 
results have shown that an exponential model was the best 
model that described the inter-individual variability, while 
the residual error was incorporated as an additive error 
model. The study population included patients of both sexes 
with a wide age range from 20 to 86 years. The mean value 
of body weight was 80.32±12.44 kg, and it ranged from 60 
to 110 kg. The drug was usually administered twice a day as 
intravenous infusion with an average daily dose of 1770 mg 
(500-3000 mg). Furthermore, our population was very 

heterogeneous in terms of renal function and included pa-
tients with both normal (n=44) and impaired renal function 
(n=55). The clearance of creatinine varied from 30 to 252 
ml/min, with a mean value of 93.22±51.05 ml/min. Patient 
characteristics are summarized in Table 1. Estimates of van-
comycin pharmacokinetic parameters in the target population 
were 0.922 l/h and 11.1 l for the population value of clearance 
and the volume of distribution, respectively. The MOF value 
in this stage was 1103.714 units and both inter-individual and 
residual variability for clearance of vancomycin were 
57.43% and 48.47% expressed as coefficient of variation 
(CV), respectively. 

As a result of the univariate model analyses, a total of 
seven covariates (daily dose, creatinine clearance, AST, CRP 
and co-medication with furosemid, piperacillin/tazobactam 
and NSAIDs) produced significant decreases in MOF values 
and were detected as influential covariates in the full model. 
These data are shown in Table 2. Using backward deletion 
process, only two covariates (daily dose of vancomycin and 
co-medication with piperacillin/tazobactam) were retained in 
the final PPK model. Derived population pharmacokinetics 
model which describes the clearance of vancomycin in the 
target population is: 

CL (l/h) = 0.03 + 0.000468 x DD + 0.675 x PT 

where 0.03 is a typical population value of clearance, while 
0.000468 and 0.675 are magnitudes of effect of vancomycin 
daily dose and co-medication with piperacillin/tazobactam, 
respectively. 

The goodness-of-fit plots indicate a good fit of the data 
from the final regression model. Population predicted 
(PRED) values of vancomycin concentrations versus its ob-
served concentrations (DV) in the base model and the final 
model are shown in Figure 1. Compared to the base model, 
there is a reduction in coefficients of variation by 19.56% and 
16.55% for inter-individual and residual variability, respec-
tively. 

Two hundred bootstrap runs were included in the boot-
strap analysis. Table 3 shows the summary of parameter es-
timates and their 95% confidence intervals for the final PPK 
model obtained by the bootstrap analysis. Furthermore, the 
mean values of parameter estimates using bootstrap were 
comparable with the values obtained from original 
NONMEM analysis, indicating that the estimates of the pop-
ulation PK parameters in the final model were accurate and 
the model was stable. 
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Table1. Demographic characteristics of the patients, laboratory and clinical data. 

Characteristics Index set 
(mean values ± standard deviation) 

Range for 
index set 

Number of patients 99  
Number of observations 99  
Gender (male/female) 60/39  
Total body weight (kg) 80.32±12.44 60-110 
Age (years) 62.12±14.69 20-86 
Vancomycin dose (mg/day) 1772.73±521.34 500-3000 
Length of hospitalization (day) 16.06±14.76 1-90 
Creatinine clearance (ml/min) 93.23±51.05 30-252 
Serum albumin (g/l) 26.71±3.45 13-40 
Total bilirubin (µg/l) 12.98±49.12 4.4-493.5 
AST concentration (IU/l) 37.76±46.59 9-448 
ALT concentration (IU/l) 30.86±52.76 4-436 
C-reactive protein (mg/l) 96.57±79.83 1.04-303 
Fibrinogen (g/l) 3.49±1.27 1.81-8.17 
proBNP (pg/ml) 688.29±2371.07 200-22311 
Presence of sepsis (yes/no) 8/91  
Vancomycin + comedication with: 

Colistin 
Furosemide 
Piperacillin/tazobactam 
NSAIDs 
Heparin 
ACE inhibitors 

 
10 
23 
7 

23 
62 
15 

 

 

Table2. Values of minimum objective function for univariate regression models of  
examined covariates in the process of building a full pharmacokinetic  

model for vancomycin clearance. 

Clearance models 
Minimum objective function 

(MOF) 
p-value ** 

BASE MODEL   

CL=θ1x EXP(ETA(1))   

REGRESSION MODELS   

CL=θ1x EXP(ETA(1)) + θ3x TBW  >0.05 

CL=θ1 x EXP(ETA(1)) + θ4 x AGE 446.478 >0.05 

CL=θ1x EXP(ETA(1)) + θ5x SEX 0.005 >0.05 

CL=θ1x EXP(ETA(1)) + θ6 x DD 84.698 <0.05 

CL=θ1 x EXP(ETA(1)) + θ7x CLcr 34.03 <0.05 

CL=θ1x EXP(ETA(1)) + θ8x LP 0.102 >0.05 

CL=θ1x EXP(ETA(1)) +θ9x ALB 0.415 >0.05 

CL=θ1x EXP(ETA(1)) +θ10x BIL 0.308 >0.05 

CL=θ1 x EXP(ETA(1)) +θ11x AST 25.186 <0.05 
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Clearance models 
Minimum objective function 

(MOF) 
p-value ** 

CL=θ1 x EXP(ETA(1)) +θ12x ALT 0.923 >0.05 

CL=θ1 x EXP(ETA(1)) + θ13 x CRP 5.054 <0.05 

CL=θ1 x EXP(ETA(1)) + θ14 x FIB 0.740 >0.05 

CL=θ1 x EXP(ETA(1))+θ15x proBNP 0.602 >0.05 

CL=θ1 x EXP(ETA(1)) + θ16  x SEP 0.533 >0.05 

CL=θ1 x EXP(ETA(1)) +θ17x COL 3.245 >0.05 

CL=θ1x EXP(ETA(1)) +θ18x FUR 3.95 <0.05 

CL=θ1x EXP(ETA(1)) + θ18x TAZ 23.277 <0.05 

CL=θ1x EXP(ETA(1)) +θ19x NSAIDs 15.628 <0.05 

CL=θ1x EXP(ETA(1)) +θ20x HEP 0.068 >0.05 

CL=θ1x EXP(ETA(1)) +θ21x ACE 0.612 >0.05 

CL, clearance (l/h); θ1,typical value of CL; ETA(1), interindividual variability in CL; dθ3 to θ21, slopes of the covariate effects; 
TBW, patient´s body weight (kg); SEX, takes the value 1 for male and 0 for female; g DD, daily dose of vancomycin (mg/day); 
CLcr, creatinine clearance (ml/min.); LP, length of hosptalization (day); ALB, serum albumin cholesterol (g/l); BIL, total bilirubin 
(µg//l);  AST, aspartate aminotransferase  (IU/l); ALT, alanine aminotransferase (IU/l); CRP, C-reactive protein (mg/l); FIB, fi-
brinogen (g/l); proBNP, pro-brain natriuretic peptide(pg/ml); COL, FUR, TAZ, NSAIDs, HEP and ACE, co-medication with col-
istin, furosemid, tazocin, nonsteroidal anti-inflammatory drugs, heparin and angiotensin-converting-enzyme inhibitortakes the 
value 1 if the patient received co-medication and 0 otherwise 

**p-value for the MOF difference between the base and tested models 
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Table 3. The final model parameter estimates 

Parameter NONMEM Bootstrap analysis 

 Estimate 95% CI* Estimate 95% CI** 

Clearance of vancomycin 

- CL (l/h) 

 

0.03 

 

0.023-0.035 

 

0.029 

 

0.025-0.032 

Central volume of distribution -   

13.2 

 

9.84-16.56 

 

13.22 

 

9.09-17.35 

Intercompartment clearance Q(l/h) 0.0001 0.00008-0.0001 0.0001 0.00009-0.00011 

Daily dose  (mg/day) 0.000468 0.000365-0.000571 0.000464 0.000322-0.000507 

Tazacin 0.675 0.5076-0.8424 0.676 0.592-0.861 

Interindividual variance of clearance 

- 2
CL 

 

0.134 

 

0.0817-0.1863 

 

0.133 

 

0.0801-0.1860 

Residual variance - 2 0.097 0.0527-0.1413 0.096 0.0510-0.1410 

* (Estimate)±1.96*(standard error of the estimate) 

** 2.5th and 97.5th percentile of the ranked bootstrap parameter estimates 

 



Figure 1. Predicted vancomycin concentrations versus measured concentrations in the base model (a)  
and the final model (b), respectively. 

 

 

 

DISCUSSION 

Current study used a population approach to establish 
the pharmacokinetic parameters of vancomycin in Serbian 
patients with long bones’ fractures, accounting for its 
large pharmacokinetic variability. Using two-compart-
ment model, typical values of clearance and volume of 
distribution were calculated, and daily dose of vancomy-
cin and co-medication with piperacillin/tazobactam con-
firmed as factors with significant influence on clearance 
of vancomycin.  

Higher doses of vancomycin were associated with 
larger clearance of vancomycin and lower trough serum 
concentration of vancomycin in our study. Such result is 
not the first one reported, as Bakke et al. presented similar 
results, with 70-80 percent of the patients not achieving 
minimum threshold value of ≥ 15 mg/l (14). Campassi et 
al. demonstrated that patients with augmented renal clear-
ance had lower serum concentrations of vancomycin dur-
ing the first days of therapy despite higher doses, and none 

of the patients reached therapeutic levels on the first day 
of the therapy (15). Some authors have proposed that in-
creased loading doses and higher dose frequencies or con-
tinuous infusions are necessary in order to achieve higher 
success rates (16). On the other hand, vancomycin serum 
concentrations during the first days of therapy also depend 
on creatinine clearance and low creatinine clearance lev-
els can result in supratherapeutic vancomycin concentra-
tions (17).  Hutshala et al. also suggested that more severe 
impact on renal function might be due to potentially high 
vancomycin peak concentrations during intermittent infu-
sion. In contrast, constant lower concentrations of vanco-
mycin seem to cause much less renal damage (18). One of 
the possible explanations of relation between higher doses 
of vancomycin and its larger clearance could be reduced 
reabsorption of vancomycin from ultra-filtrate due to tub-
ular toxicity of this drug. Indeed, necrosis of tubular cells 
was confirmed in histological studies of kidney biopsies 
taken from the patients who experienced vancomycin-in-
duced renal toxicity, and vancomycin is both secreted and 
reabsorbed by renal tubular cells (19, 20). 
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The only medication which significantly affected van-
comycin CL in our patients was piperacillin/tazobactam 
(PT). Piperacillin/tazobactam, similar to the most beta-
lactams, was rarely associated with acute kidney injury 
and incidence of piperacillin/tazobactam’s nephrotoxicity 
reported in the literature was less than 1% (21). However, 
recent meta-analysis that included 14 studies reported that 
co-administration of vancomycin and piperacillin/tazo-
bactam compared to vancomycin and “any β-lactam” re-
sulted in the adjusted odds ratio for acute kidney injury in 
adults of 3.15 (95% confidence interval [CI], =1.72-5.76) 
(22). The mechanism by which piperacillin/tazobactam 
had influence on vancomycin clearance in not well 
known. It has been thought that vancomycin may cause 
direct proximal tubular toxicity. The concomitant use of 
vancomycin and PT has been hypothesized to potentiate 
acute kidney injury (AKI) via acute interstitial nephritis or 
decreased secretion of creatinine and vancomycin, but fur-
ther investigation was considered necessary to confirm 
those facts (23). By increasing toxic effect of vancomycin 
on renal tubules, piperacillin may further decrease its re-
absorption, leading to increase in vancomycin clearance 
(24).  

Relation between creatinine and vancomycin clear-
ance has been described in various studies (3, 8, 23, 24). 
We did not observe such relation in our patients. Further-
more, there are studies that supported our observation (27, 
28). The existence of a nonrenal mechanism for vancomy-
cin elimination may explain the relatively high values of 
vancomycin clearances observed in patients with compro-
mised renal function. Hepatic conjugation of vancomycin 
would seem the most possible nonrenal route of excretion. 
The vancomycin particle has molecular weight of 1,450 
and has essential chemical groups for conjugation with 
other compounds (27). Some authors reported measurable 
vancomycin concentrations in the bile after intravenous 
administration of vancomycin, which is also supporting 
the idea of extrarenal way of vancomycin elimination 
(28). 

In some earlier pharmacokinetic studies, it was sug-
gested that patients with malignancy had increased clear-
ance of vancomycin (29). Conversely, other authors re-
ported that patients with acute myeloid leukemia had 
lower clearance of vancomycin (1). It was also noticed 
that body weight may affect clearance of vancomycin, as 
increase in weight was related to higher values of both 
clearance and volume of distribution (3, 30). Finally, 
some authors showed that furosemide may influence van-
comycin clearance, while the others concluded that con-
comitant drugs had no influence on clearance (9.25).  

CONCLUSION 

In conclusion, clearance of vancomycin positively 
correlated with administered daily dose of that drug and 
significantly increased by co-medication with piperacil-
lin/tazobactam. This should be taken into account when 

dosing vancomycin in critically ill patients with fractures 
of long bones who frequently require high doses of the 
drug and combination of antibiotic therapy. 
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