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ABSTRACT
 It is essential to rapidly achieve therapeutic vancomycin concentrations 
in critically ill patients with gram-positive bacterial infections. This study aimed 
to determine optimal vancomycin dosing regimens for critically ill patients. 
Using an external dataset – therapeutic drug monitoring concentration data 
from 51 critically ill patients receiving vancomycin, we validated a population 
pharmacokinetic model to describe vancomycin plasma concentrations over 
time. The final population pharmacokinetic model was used to simulate dif-
ferent vancomycin doses for patients with varying degrees of renal function 
in order to determine the percentage of patients achieving therapeutic targets. 
Based on simulations, less than 90% of patients achieved a vancomycin trough 
concentration (Ctrough) ≥ 15 mg/L following administration of the standard 
vancomycin maintenance doses of 1000 mg every 12 hr (for patients with a 
creatinine clearance (CrCL) ≥ 50 mL/min) or 1000 mg every 24 hr (for those 
with CrCL 30-50 mL/min). Model predictions showed that to ensure ≥ 90% of 
patients achieve a target vancomycin Ctrough, 1250 mg every 6 hr (for CrCL ≥ 
50 mL/min) and 1000 mg every 8 hr (for CrCL 30-50 mL/min) are needed. In 
conclusion, alternative vancomycin dosing regimens may improve the percentage 
of attaining target vancomycin Ctrough at steady state in critically ill patients 
in Thailand. However, routine monitoring of vancomycin Ctrough and serum 
creatinine are also recommended to ensure therapeutic and toxicity outcomes.
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INTRODUCTION
 Vancomycin is a tricyclic glycopeptide antibiotic widely used to treat 
gram-positive bacterial infections in critically ill patients. Vancomycin is primarily 
eliminated through glomerular filtration; therefore, factors affecting renal function, 
such as body weight, age, serum creatinine, and disease can result in changes in 
vancomycin pharmacokinetics and consequently impact efficacy and/or toxicity 
(Scaglione and Paraboni, 2008; Varghese et al., 2010). Race or ethnicity has not 
been found to significantly influence the pharmacokinetics of drugs predominantly 
eliminated via the kidney by glomerular filtration with low plasma protein binding, 
such as vancomycin (Johnson, 1997).
 Previous studies have shown that the commonly used vancomycin dose of 
1000 mg every 12 hr may not provide adequate serum concentrations to achieve 
the recommended 24-hour Area Under the Concentration-Time Curve (AUC24)/
Minimum Inhibitory Concentration (MIC) breakpoint or a trough concentration 
(Ctrough) of more than 10 mg/L in Intensive Care Unit (ICU) patients (Mahoney 
et al., 2006; del Mar Fernandez et al., 2007). Pharmacokinetics data of vanco-
mycin in critically ill patients are limited and currently no specific guidelines for 
vancomycin dosing exist for this population. Determining the optimal dosage for 
these patients is often based on individual clinical expertise.
 Vancomycin has both time-dependent bacterial killing activity and moderate 
Post-Antibiotic Effect (PAE) that are dependent on serum concentrations (i.e., peak 
concentration) (McKinnon and Davis, 2004). An AUC24/MIC ratio of > 400 has 
been proposed as an efficacy threshold for vancomycin to treat Staphylococcus 
aureus infections. There is a strong relationship between vancomycin Ctrough 
and AUC24/MIC in adults who have a creatinine clearance (CrCL) ≥ 100 mL/
min (Pai et al., 2014). For organisms with MIC ≤ 1 mg/L, steady-state vanco-
mycin Ctrough of 15 to 20 mg/L are correlated with an AUC24/MIC ratio ≥ 400. 
Vancomycin Ctrough between 15 to 20 mg/L could achieve a > 90% probability 
of achieving an AUC24/MIC > 400 for S. aureus with MIC ≤ 1 mg/L (Pai et al., 
2014). Therefore, therapeutic drug monitoring of the vancomycin Ctrough could 
help to ensure optimal vancomycin treatment (James and Gurk-Turner, 2001).
 Our objective was to determine the optimal vancomycin dosage regimens 
for critically ill patients in Thailand with various degrees of renal function. Dif-
ferent vancomycin dosage regimens were simulated using a validated population 
pharmacokinetic model, and the percentage of patients achieving target efficacy 
concentrations was estimated.

MATERIAL AND METHODS
 We have recently reported a population pharmacokinetic model to describe 
vancomycin concentrations over time in critically ill patients (Dedkaew et al., 
2015). This model was developed using a total of 299 vancomycin serum con-
centrations from 138 ICU patients. The inclusion criteria for these patients were: 
(a) older than 18 years old; (b) had indication for vancomycin use; and (c) stable 
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serum creatinine (SCr) (less than 0.5 mg/dL change if SCr < 2 mg/dL and less 
than 20% change if SCr ≥ 2 mg/dL) during the study. Exclusion criteria were: (a) 
history of hypersensitivity to vancomycin or any component of the formulation; (b) 
no body weight value measured within the last month; (c) received vancomycin 
treatment within the last 14 days before enrollment; (d) pregnant; (e) morbidly 
obese (Body Mass Index, BMI ≥ 35 kg/m2; (f) received or planning to receive 
renal replacement therapy; or (g) a Simplified Acute Physiology Score (SAPS II) 
> 52. One hundred and thirteen patients (81.9%) were on a mechanical ventila-
tor and eighty-eight patients (63.8%) received vasoactive drugs (e.g., dopamine, 
dobutamine).
 The vancomycin concentration-time profiles in this population were best 
described by a two-compartment pharmacokinetic model. Age, body weight, and 
creatinine clearance (estimated using the Cockroft-Gault equation) were tested as 
covariates. Creatinine clearance was the only covariate that significantly influenced 
vancomycin pharmacokinetics.
 In the current study, an additional 51 ICU patients (28 males, 23 females) 
with available data on retrospective therapeutic drug monitoring of vancomycin 
were used as an external dataset to validate the population model. Inclusion and 
exclusion criteria were similar to our previous study (Dedkaew et al., 2015). No 
patient identification could be traced back. To estimate vancomycin trough con-
centrations at steady state (after 3-5 doses), the serum vancomycin concentration 
was measured in a blood sample 2 hr before the following dose – e.g., at 58 hr 
or 2 hr prior to the 6th dose, if vancomycin was administered every 12 hr.
 Monte Carlo Simulations were performed using Phoenix® Trial Simulatort™ 
software (Version 2.2.2, Certara™, St. Louis, MO, USA). Vancomycin concentra-
tion-time profiles were simulated for 10,000 subjects using vancomycin dosage 
regimens received by patients included in the external validation dataset.
 To determine the optimal vancomycin dosage regimens for critically ill 
patients with different degrees of renal function (CLCr > 50 mL/min and CLCr 
30-50 mL/min), vancomycin concentration-time profiles were simulated (10,000 
subjects). The percentage of patients achieving vancomycin Ctrough ≥ 15 mg/L 
was reported. The target Ctrough attainment was defined as ≥ 90%.

RESULTS
 The characteristics of the 51 ICU patients were: mean age (± standard de-
viation, SD) 66.3 ± 15.1 years, body weight 62.2 ± 12.4 kg, creatinine clearance 
53.9 ± 27.6 mL/min, and SAP II score 46.1 ± 4.3 points. The patients’ vancomycin 
dosage regimens, clinical features, and list of concomitant mechanical ventilation 
and vasoactive drugs are shown in Table 1.
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 The characteristics of patients who received vancomycin dose at 1000 mg 
every 12 hr and 1000 mg every 24 hr are shown in Table 2.

Table 2. Characteristics of patients who received vancomycin dose at 1000 mg 
every 12 hr and 1000 mg every 24 hr.

Dose regimens No. of
patients 
(M/F)

Age (y) Weight (kg) CrCL
(mL/min)

Median (range) Median (range) Median (range)
1000 mg every 12 hr 24 (15/9) 63.0 (32-80) 64.0 (48.0-105.5) 66.8 (45.7-157.5)
1000 mg every 24 hr 12 (7/5) 72.0 (58-82) 57.3 (42.0-80.0) 47.2 (36.4-50.2)

Note: CrCL is calculated Creatinine clearance using Cockcroft-Gault equation.

 Semi-logarithmic plots of the simulated vancomycin concentrations (5th, 
50th, and 95th percentiles) following 1000 mg every 12 hr and 1000 mg every 
24 hr versus time with observed vancomycin concentrations overlaid are shown 
in Figures 1 and 2, respectively. The results of the other (i.e., 1000 mg every 48 
hr, 750 mg every 12 hr) patients are not presented, due to the small number of 
patients receiving each regimen.

        

Figure 1. Semi-logarithmic plot of simulated vancomycin concentrations (5th, 50th, 
and 95th percentiles) following 1000 mg every 12 hr with the actual 
vancomycin concentrations determined at 58 hr post-dose from patients 
in the external dataset overlaid (N=24).

Note: conc. is simulated vancomycin concentrations; P5 is the 5th percentile of the simulated con-
centrations; P50 is the 50th percentile of the simulated concentrations; P95 is the 95th percentile of 
the simulated concentrations.
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Figure 2. Semi-logarithmic plot of the simulated vancomycin concentrations (5th, 
50th, and 95th percentiles) following 1000 mg every 24 hr with the actual 
vancomycin concentrations determined at 70 hr post-dose from patients 
in the external dataset overlaid (N=12). 

Note: conc. is simulated vancomycin concentrations; P5 is the 5th percentile of the simulated con-
centrations; P50 is the 50th percentile of the simulated concentrations; P95 is the 95th percentile of 
the simulated concentrations.

 Vancomycin doses of 1000 mg and 1250 mg every 6 hr; 750 mg, 1000 mg, 
1250 mg and 1500 mg every 8 hr; and 1000 mg, 1250 mg, 1500 mg and 1750 
mg every 12 hr were assessed to identify the optimal vancomycin dosage regimen 
for the patients with creatinine clearance ≥ 50 ml/min.

 

Figure 3. Percentage of target attainment (PTA) for vancomycin Ctrough > 10, 
15, and 20 mg/L following different simulated dosage regimens in 
patients with a CrCL ≥50 mL/min.
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 With the recommended vancomycin dose of 1000 mg every 12 hr for 
patients with a CrCL ≥ 50 ml/min, a PTA ≥ 90% for a Ctrough ≥ 15 mg/L and 
≥ 10 mg/L was not achieved. In order to achieve a PTA ≥ 90% using a Ctrough 
≥ 10 mg/L, a vancomycin dose of 1000 to 1250 mg every 6 hr or 1250 to 1500 
mg every 8 hr was required. A vancomycin dose of 1250 mg every 6 hr was the 
optimal regimen to achieve PTA ≥ 90% for a Ctrough ≥ 15 mg/L in ICU patients 
with a CrCL ≥ 50 ml/min (Figure 3).
 Vancomycin concentrations following doses of 500 mg and 750 mg every 
6 hr; 750 mg and 1000 mg every 8 hr; 750 mg, 1000 mg, 1250 mg and 1500 
mg every 12 hr; and 750 mg, 1000 mg, 1250 mg and 1500 mg every 24 hr were 
assessed to identify the optimal vancomycin dosage regimen for the patients with 
a CrCL 30-50 ml/min (Figure 4). 

 

Figure 4. Percentage of target attainment (PTA) for vancomycin Ctrough > 10, 
15, and 20 mg/L following different simulated dosage regimens in 
patients with a CrCL 30-50 ml/min.

DISCUSSION
 In Thailand, a vancomycin dosage of 15 mg/kg every 12 hr has been 
recommended since 2007 in the Clinical Practice Guidelines for prevention and 
management of hospital-acquired pneumonia (HAP) or ventilator-associated 
pneumonia (VAP) in adults with normal renal function (IDAT, T.S.T, TSCCM, 
and ICST, 2007).
 A report has shown that critically ill Thai patients receiving vancomycin 
at standard dosage (1000 mg every 12 hr) did not achieve the recommended 
trough concentrations (Patanwala et al., 2009). Several countries in Europe have 
modified their vancomycin dosage regimens for ICU patients to 1,000 mg every 
8 hr (Cruciani et al., 1996). Moreover, it has been shown that using 1,000 mg of 
vancomycin every 12 hr leads to a 33% risk of failure to obtain the recommended 
AUC24/MIC breakpoint for S.aureus infections (del Mar Fernandez et al., 2007). 
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Mahoney et al. (2006) reported that 61.4% of ICU patients with bacteremia and 
pneumonia receiving vancomycin using a nomogram did not achieve trough 
concentrations of >10 mg/L.
 The majority of pharmacokinetic studies of vancomycin have been performed 
in healthy volunteers using multi-compartment pharmacokinetics models. Creat-
inine clearance, body size, and age have been reported as significant covariates 
affecting vancomycin pharmacokinetic parameters. In our study, vancomycin serum 
concentration time profiles were best described by a two-compartmental model 
with first-order elimination. A strong correlation between CrCL and vancomycin 
clearance was observed in our study, corresponding with Robert et al. (2011). 
However, Revilla et al. (2010) found that CrCL and age influenced vancomycin 
clearance; while Llopis-Salvia (2006) showed that CrCL and total body weight 
influenced vancomycin clearance.
 No patient covariates were found to significantly influence the vancomycin 
volume of distribution in our study, similar to the results of Revilla et al. (2010). 
However, other studies have found that body weight influenced vancomycin  
volume of distribution (Robert et al., 2011; Thomson et al., 2009; Llopis-Salvia et 
al., 2006). Age has also been shown to be an influential covariate on vancomycin 
volume of distribution (Sanchez et al., 2010; Purwonugroho et al., 2012).
 Based on simulations, we found that higher vancomycin doses are necessary 
for optimal microbiological and clinical outcomes. Likewise, Roberts et al. (2011) 
reported that patients with higher CrCL should receive a larger daily dose. Patel 
et al. (2011) reported that vancomycin regimens of at least 3000 mg daily were 
required to achieve a PTA of approximately 80% for an MIC value of 1 mg/mL.
 Our study found that critically ill patients receiving the commonly used 
dose of 1000 mg of vancomycin every 12 hr for patients with CrCL > 50 mL/
min were unlikely to achieve vancomycin target Ctrough at steady state. Using 
the current common vancomycin dose for patients with a CrCL between 30-50 
mL/min (1000 mg every 24 hr) did not achieve a PTA ≥ 90% for a vancomycin 
trough concentration ≥ 15 mg/L. Thus, higher dosing regimens of vancomycin in 
these populations are required to achieve the target concentrations.
 The observed vancomycin trough concentrations in the external model val-
idation dataset were well-predicted using the population pharmacokinetic model. 
However, Figure 1 shows a slight over-estimation and Figure 2 shows a slight 
under-estimation. Additional data to refine our population pharmacokinetic model 
may be useful.
 Moise-Broder et al. (2004) indicated that an AUC0-24/MIC ratio of ≥ 400 
was related to an optimal clinical outcome and is a significant pharmacody- 
namic parameter of the probability of achieving target attainment (PTA). How-
ever, Jeffres et al. (2006) has shown that the vancomycin AUC0-24 is correlated 
with vancomycin trough concentration, supporting the use of vancomycin trough 
concentrations to monitor efficacy and toxicity.
 Although it was reported that a vancomycin Ctrough between 15 to 20 
mg/L is related to the target AUC24/MIC ratio of 400, every 10 mg/L increase in 
vancomycin trough concentration provided a 10-fold increase in the risk of neph-
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rotoxicity (Horey et al., 2013). Moreover, the more aggressive the vancomycin 
dosing, the higher the risk of nephrotoxicity and ototoxicity (Bosso et al., 2011). 
Consequently, it is equally important to closely monitor dose-related nephrotoxicity 
due to high doses of vancomycin, especially when other nephrotoxicity agents 
are used concomitantly (Brown et al., 2013).
 A limitation of our study was the lack of full pharmacokinetic profiles 
within the external validation dataset. Therefore, AUC0-24, which is considered the 
best predictor for clinical outcomes of vancomycin, cannot be estimated. Trough 
serum vancomycin concentrations are recommended as an optimal monitoring 
parameter for routine therapeutic drug monitoring, since it is the most accurate 
and practical method for monitoring drug efficacy (Rybak et al., 2009). Our study 
aimed to predict Ctrough following various dosage regimens of vancomycin in 
a population with different degrees of renal function in order to determine the 
optimal dosage regimens. It must be noted that our data should be interpreted 
cautiously, if extrapolating to a different study population.
 The recommended vancomycin regimens may help guide vancomycin dosing 
in ICU patients, especially in hospital settings that lack therapeutic drug-monitor-
ing services. However, the patient’s renal function should be closely monitored 
to prevent nephrotoxicity from vancomycin.

CONCLUSION
 Based on our simulations, in order to achieve a PTA of ≥ 90%, a vanco-
mycin dose of 1250 mg every 6 hr (for CrCL ≥ 50 mL/min) and 1000 mg every 
8 hr or 1250 mg every 12 hr (for those with CrCL 30-50 mL/min) is necessary. 
Our findings confirm that the commonly used vancomycin dosage regimens, 
e.g., 1000 mg every 12 hr or 1000 mg every 24 hr in critically ill patients with a 
CrCL above 30 mL/min or 50 mL/min, respectively, would lead to a suboptimal 
Ctrough.
 Although a higher dose and more frequent dosage regimens of vancomy-
cin may result in a higher probability of achieving the desired target, the higher 
Ctrough obtained also increases the risk of toxicity. Therapeutic drug monitoring 
remains necessary to ensure the safety of these modified vancomycin dosing 
recommendations in an ICU setting and the efficacy of vancomycin use to obtain 
the desirable therapeutic targets.
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