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1.1 PHARMACOMETRICS 

Pharmacometrics can be defined as the branch of science concerned with 

mathematical models of biology, pharmacology, disease, and physiology used to describe 

and quantify interactions between xenobiotics and patients, including beneficial effects 

and side effects resultant from such interfaces 1. The term pharmacometrics was coined in 

the literature in 1982 2 and has continued to evolve since then in concordance with the 

advances in computational speed, stochastic modeling and simulation methods and 

identification of novel biomarkers. Pharmacometrics deals with pharmacokinetic models 

that describe the drug concentration-time data, pharmacodynamic models that relate the 

drug exposure to pharmacologic, toxicologic responses, surrogate markers and/or clinical 

outcomes. It also involves disease progression models that characterize the disease 

behavior in presence and absence of a drug. In addition, pharmacometrics allows 

quantification of the uncertainty and variability in these mathematical relationships. 

Since its emergence, pharmacometrics has played a major role in guiding drug 

development programs in the pharmaceutical industry 3,4. This application was 

encouraged by the FDA via its use of pharmacometrics methodologies in submissions 

review and via issuance of guidances on population pharmacokinetics and exposure-

response relationships 5,6.  Moreover, pharmacometrics lies at the heart of the critical path 

initiative that FDA issued recently 7  since it helps to identify tools that can demonstrate 

medical utility and assess safety and hence expedite drug development. Likewise, 

pharmacometrics has high potential in guiding rational pharmacotherapy via optimizing 

dosage regimen of existing drugs to maximize their efficacy while minimizing the 

adverse events. 
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1.2 POPULATION PHARMACOKINETIC MODELING  

This section aims to provide the population pharmacokinetic basis of 

pharmacometrics. Pharmacokinetics describes the absorption, distribution, metabolism 

and elimination of xenobiotics in serum and at other sites of action. Due to variation in 

these biological processes, not all people exhibit the same pharmacokinetic profile upon 

administration of the same dose. This variability in pharmacokinetics is an important 

contributor to the variability in the drug response observed with different patients and the 

importance of its characterization cannot be overstated.  Population Pharmacokinetics is 

the study of the sources and correlates of variability in drug concentrations among 

individuals who are the target patient population receiving clinically relevant doses of a 

drug of interest 8.  

Variability in pharmacokinetics could be studied using several approaches; the 

two main approaches will be discussed in this section: 

1.2.1 Standard Two-Stage Approach 

In the first stage of this approach, the pharmacokinetic model is fit to the 

concentration-time data (usually rich data) of each subject separately and the individual 

pharmacokinetic parameters are estimated. Using these estimates, the mean and the 

variance of pharmacokinetics parameters could then be obtained in the second stage and 

stepwise regression could be performed to identify the important covariates that are 

responsible for the variability of the pharmacokinetic parameters. Although the estimate 

of the mean pharmacokinetic parameters using this approach is usually adequate, the 

variability of these parameters is often overestimated 9-12. Another limitation of this 
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approach is the need to have rich data for each subject that is sufficient to allow the 

algorithm to obtain the individual pharmacokinetic parameters.  

1.2.2 Nonlinear Mixed Effects Modeling 

This approach was first introduced by Sheiner and Beal in the late 1970s 13. In this 

type of modeling, the unit of the analysis is the population study sample that is used in 

one stage to directly estimate the population mean parameters and the variability within 

the population. The individual parameter estimates are then obtained using empirical 

Bayesian approach using the population parameters as priors and the individual 

observations. The word mixed means that it involves both fixed effects, which are the 

pharmacokinetic parameters and their associated covariates, as well as random effects. It 

is often also called hierarchical modeling since it incorporates variability in two 

hierarchies or levels. The first level includes the intra-individual variability which could 

be mathematically represented as follows: 

 ��� � ����� , 
�� , �� � ���  

Where Cij is the jth observed concentration in the ith individual, f1 is the 

pharmacokinetic model predicting the concentration, pi is the vector of pharmacokinetic 

parameters in the ith individual and is calculated according to the equation below, tij is the 

time of the jth observed concentration in the ith individual, di is the dosing history in the ith 

individual, εij  is the residual error which is assumed to be independent and normally 

distributed with a mean of zero and a variance of σ2 which represents the intra-individual 

variability. 
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The second level is the inter-individual variability in the pharmacokinetic 

parameters and could be shown as follows: 

�� � ����, ���� �  �� 
Where f2 is the function that describes the relationship between the individual 

pharmacokinetic parameters (pi) and the individual covariates levels (Covi).  θ is the 

typical population value of the pharmacokinetic parameter pi, ηi is the random difference 

between the pi and θ which is assumed to be independent and normally distributed with a 

mean of zero and a variance of σ��. 

Unlike the standard two-stage approach, the mixed effects modeling approach is 

able to handle sparse data. This is particularly advantageous in drug development when 

sparse PK data are collected in Phase2/3 clinical trials and it enables quantification of the 

pharmacokinetic variability as well as its sources. This feature is also of great value in 

studying the pharmacokinetics in special populations such as neonates 14,15and patients 

with AIDS 16 , where the number of samples is limited due to medical or ethical concerns. 

Finally, the ability to model sparse data allows the nonlinear mixed effects modeling 

approach to play a vital role in direct patient care via its use in therapeutic drug 

monitoring to individualize dosage regimens. 

1.2.3 Implementation of Nonlinear Mixed Effects Modeling 

Nonlinear mixed effects modeling of pharmacokinetic data  is most commonly 

performed by the NONMEM software (ICON Development Solutions, Ellicott City, 

Maryland) using the maximum likelihood estimation approach. Due to the nonlinear 

dependence of the observations on the variability terms in the model described earlier, the 
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likelihood cannot be evaluated analytically and approximations have to be done. In 

NONMEM, this is typically implemented using the first-order conditional estimation 

(FOCE) and the laplacian methods which linearize the nonlinear function using first order 

and second order Taylor series expansion, respectively, around the conditional estimates 

of the random effects 17,18. 

Steps of nonlinear mixed effects modeling are summarized in Figure 1-1. The first 

step is usually referred to as the exploratory data analysis where the raw data are 

examined graphically and statistically to reveal patterns and relationships and check 

underlying assumptions about the distributions 19,20. This step is interwoven with the next 

step where the basic structural PK model is identified by studying the dose dependence of 

the pharmacokinetic parameters, the number of the compartments in the model, and 

absorption profile 21. In addition, the random effects model structure is determined. 

When the structural pharmacokinetic and error models have been identified, the 

pharmacometrician seeks to identify the covariates that can explain the inter-individual 

variability in the pharmacokinetic parameters. Covariates commonly screened for their 

influence on pharmacokinetic processes include body weight, gender, race, age, 

Cytochrome P450 (CYP450) genotype and renal and hepatic insufficiency 22. Potential 

covariates could be identified by examining the correlation between the empirical 

Bayesian estimates of the individual pharmacokinetic parameters and the covariate 

vectors.  

Development of the covariate model is often done using stepwise regression with 

the forward inclusion/backward elimination approach 23. The NONMEM objective 

function value (OFV= -2 log likelihood) is assumed to be χ2 distributed and hence the 
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likelihood ratio test (LRT) could be used to compare nested covariate models. 

Significance level of 0.05 could be used as an inclusion criterion for covariates while a 

more conservative significance level of 0.01 or lower is typically used for the backward 

elimination step. For discrimination of non-nested models, the Akaiki information 

criterion, which is equal to the OFV plus 2* the number of parameters, is used 24. 

Finally, population pharmacokinetic models need to be evaluated. Goodness of fit 

of the models are assessed using diagnostic plots such as plots of the observed vs. 

predicted concentrations, conditional weighted residuals (CWRES) vs. time, CWRES vs. 

predicted concentrations and CWRES vs. covariates 19,25. The confidence intervals of the 

parameters estimates are also checked to ensure reliability of the parameters and hence 

the model. These intervals could be obtained using the NONMEM standards errors 

estimates, bootstrapping or the likelihood profiling methods 6,21,26. Moreover, models 

intended to be used for prediction purposes have to be validated, i.e. assessed for their 

predictive performance 6,27. This could be attempted using resampling techniques such as 

bootstrapping 27,28 or simulation-based techniques such as posterior predictive check and 

visual predictive check 29,30. 
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1.3 PHARMACOMETRICS IN INFECTIOUS DISEASES 

Infectious diseases is one of the therapeutic areas where pharmacometric 

principles and methodologies are utilized the most. This could be attributed to the ease of 

quantification of antimicrobial activities in in vitro and in vivo models and the 

availability of pharmacokinetic/pharmacodynamic (PK/PD) indices that can serve as 

surrogate markers for therapeutic outcome. Pharmacometrics allows integration of the 

pharmacodynamic knowledge from in vitro and in vivo studies in order to predict the 

therapeutic efficacy and optimize dosage regimens of anti-infective agents. 

This section will present a brief introduction to the pharmacodynamics of 

antimicrobial agents, their PK/PD indices and the application of the pharmacometrics in 

infectious diseases. 

  

1.3.1 Antimicrobial Pharmacodynamics 

 
Pharmacodynamics (PDs) is the term used to reflect the relationship between 

measurements of drug exposure in serum, tissues, and body fluids and the 

pharmacological and toxicological effects of drugs 31. Characterization of such a 

relationship is essential to ensure that the maximal benefit from the drug is gained while 

minimizing its associated risks.  While for most drugs, the site of action is part of the 

human body such as a receptor or an enzyme, for anti-infectives, the site of action is a 

pathogen or an invading organism such as a bacterium, fungus or a virus. Since almost all 

pathogens could be isolated to be studied in vitro, a direct measurement of the potency of 

the anti-infective agent is usually feasible. This allows characterization of the variability 
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in interaction between the anti-infective and its site of action, an advantage that is not 

currently attainable with drugs from other pharmacologic classes 32. 

1.3.2 Measures of the Anti-Infective Activity  

The in vitro susceptibility of a pathogen to a drug is most commonly measured by 

the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration 

(MBC). The MIC is the lowest concentration of the agent that results in no visible growth 

while MBC is the minimum concentration that kills 99.9% of the original number of 

pathogens. Since MIC assesses only growth inhibition assuming that the host immune 

system will eradicate the infection, the MBC is a more relevant measure of 

susceptibility for infections in immunocompromised patients and infections where the 

immune system is less efficacious such as meningitis, endocarditis and osteomyelitis 33. 

For fungi, a similar parameter is used that is the minimum fungicidal concentration 

(MFC) while for viruses the effective concentration that reduces growth by half (EC50) is 

often used but little has been done regarding its clinical relevance 32. 

Despite the importance of MIC, MBC and MFC as measures of the anti-infective 

potency and its ease of determination and popularity in microbiological laboratories, they 

show poor correlation with therapeutic efficacy 34. For example, if a drug has a lower 

MIC than another one, this does not necessarily mean that it will be more effective. This 

limitation is due to the fact that this parameter does not account for the drug 

pharmacokinetics. It only reflects the net effect observed after exposure to a fixed 

concentration of the drug for a certain period of time and provides no information about 

the impact of varying concentrations on the rate and extent of anti-infective activity. It 
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lacks also information about the anti-infective effect that may persist after the exposure. 

Such an effect could be attributed to the postantibiotic effect (PAE), the postantibiotic 

sub-MIC effect (PAE-SME), and/or the postantibiotic leukocyte enhancement (PALE) 35-

37. PAE could be defined as the delay in bacterial regrowth which occurs as a result of 

transient anti-infective exposure after the removal of the drug. PAE-SME is the increase 

in the PAE duration due to sub-MIC levels of the drug while PALE is used to describe 

the increase of the vulnerability of the pathogen for phagocytosis or intracellular killing 

during the postantibiotic phase 36,38. 

Therefore, parameters which incorporate both pharmacokinetics and 

pharmacodynamics of the anti-infective have been identified in order to serve as 

surrogate markers to the activity of the anti-infective agents 39-41. These parameters are 

usually referred to as the pharmacokinetic/pharmacodynamic (PK/PD) indices. Although 

several PK/PD indices have been proposed, only three of them have been commonly been 

used to reference the pharmacokinetics of an anti-infective to its MIC versus a given 

pathogen. These indices are the ratio of the area under the concentration-time curve to the 

MIC of the agent against the pathogen (AUC/MIC), the ratio of peak serum concentration 

of the anti-infective agent in relation to the MIC of the agent against the pathogen 

(Cmax/MIC), and the time of exposure of a pathogen to concentrations of the drug that 

exceeds the MIC against the pathogen (T>MIC) (Figure 1-2) 42-44.   

1.3.3 Patterns of Anti-infective Activity 

There are two main characteristics that are used to classify the pharmacodynamic 

patterns of anti-infectives. The first one is whether the killing effect on the pathogen is 
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dependent on the drug concentration or the duration of exposure 42,43,45. The second 

characteristic is whether the drug has a persistent inhibitory effect after the exposure 38,46. 

According to these two characteristics, anti-infectives are believed to follow three distinct 

pharmacodynamic patterns 31. The first pattern is characterized by time dependent killing 

and minimal to no persistent effects. Examples of antimicrobial agents that exhibit this 

pattern include flucytosine and beta-lactams such as penicllins, carbapenems and 

cephalosporins. For these agents, the goal of therapy would be to maximize the duration 

that the drug level exceeds a certain inhibitory level such as the MIC of the drug to the 

pathogen of interest, usually through small frequent doses or continuous infusion. T> 

MIC is considered the PK/PD index that shows the best correlation with the therapeutic 

outcome of this class. 

The second pattern exhibits time dependent killing and moderate to prolonged 

persistent effects. Glycopeptides (e.g. vancomycin and dalbavancin), tetracyclines (e.g. 

tigecycline), oxazolidinones (e.g. linezolid) are examples where this pattern is observed. 

In contrary to the previous pattern, the dosing frequency of this class of drugs is not an 

important determinant of their anti-infective activities, rather, it is the amount of drug 

administered that needs to be optimized to ensure that killing takes place for at least part 

of the time and there is no regrowth observed at other times. The AUC/MIC is the 

outcome linked PK/PD index for this group of antimicrobials. 

The third pattern of anti-infective activity is characterized by concentration 

dependent killing and moderate to prolonged persistent effects. This pattern is observed 

with fluoroquinolones (e.g. moxifloxacin), aminoglycosides, daptomycin, amphotericin, 

metronidazole as well as others. Higher concentrations of these agents will result in 
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greater extent and increased rate of killing and hence the goal of therapy would be to 

maximize the concentrations. Less frequent dosing is often feasible with this class 

because of the persistent effects after the elimination of the drug. For this group of 

agents, both Cmax/MIC and AUC/MIC could be used to predict the efficacy.   

1.3.4 Identification of the Outcome-Linked PK/PD Index and its Target Level 

Large clinical trials typically evaluate one dosage regimen of the anti-infective 

agent, making it hard to determine the PK/PD index that shows the best correlation with 

the antimicrobial activity of the drug under investigation. Therefore, in vitro and animal 

infection models have been the cornerstone of antimicrobial pharmacodynamics research. 

The outcome-linked PK/PD index is usually the same and its magnitude that is predictive 

of efficacy is usually similar across agents from the same class 42,43,47-49. However, when 

comparing the magnitudes across different antibiotics, it is critical to account for the 

differences in the protein binding between these drugs since only free drug is 

microbiologically active 47,50,51. This target magnitude is often the same for different 

pathogens, but exceptions may arise due to differences in the PAE effect exhibited 

against different pathogens 49.  

One main challenge to the identification of the primary PK/PD index is the 

collinearity between the three PK/PD indices. For example, a higher dose of an 

antimicrobial would result in higher Cmax/MIC and AUC/MIC as well as longer T> MIC 

and hence it would be difficult to disentangle which PK/PD index correlates best with the 

activity observed. This limitation is overcome via the use of dose-fractionation studies 52-

55. In these studies, the same total daily dose of the drug is administered over different 
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time intervals and hence, each dosage regimen will have a different Cmax/MIC, T> MIC 

but the same AUC0-24/MIC.  

In vitro models used to study antimicrobial pharmacodynamics could be divided 

into two groups based on whether the pathogen is exposed to constant or fluctuating 

concentrations of the anti-infective agent. Although models with static concentrations are 

useful to study the concentration dependence of the agent, these models do not simulate 

the in vivo situation where the drug concentration changes according to its 

pharmacokinetics. Dynamic models, on the other hand, can be used to mimic the 

antimicrobial pharmacokinetics in order to identify the dominant PK/PD index. For this 

purpose, experiments are conducted with varying doses and frequencies as mentioned 

above and the PK/PD index that shows best correlation with the antimicrobial activity is 

chosen as the primary index for the drug under investigation. End points for antimicrobial 

activity that are used in these studies include the time to kill 90% or higher of the initial 

inoculum , log change in the count after the exposure to the drug for a certain period of 

time (∆ log), and areas of the kill curve that depends on both the time and changes in the 

count. These areas include the area under the bacterial kill curve from time zero to t 

(AUBC), the area above this curve (AAC), the area between the control growth curve and 

the bacterial kill curve from the time zero to t (ABBC) or to the time point when the 

regrowth curve reaches the maximum value observed by the control (IE; intensity of the 

effect) 56. 

Dose fractionation studies have also been used extensively in in vivo models to 

determine the outcome-linked PK/PD index 47,57-59. The drug is usually administered into 

infected normal or neutropenic mice and the colony forming units (CFU) remaining in 



 

14 

 

the body after 24 hours of therapy or the survival of the mice after several days of therapy 

is plotted against the PK/PD indices to find the best predictor of activity. Accumulated 

clinical PK/PD data have demonstrated that the target levels of the PK/PD index that 

were necessary for clinical effectiveness were similar to those identified in animal models 

60. 

1.3.5 Applications of Pharmacometrics in Anti-Infectives Research 

Knowledge of PK/PD indices of anti-infective agents has allowed optimization of 

their clinical and microbiologic efficacy. This has been mainly performed through the use 

of Monte Carlo simulation approach. This approach was introduced in anti-infective 

research by Dr. George Drusano at a meeting of the FDA Anti-Infective Drug Products 

Advisory Committee 61 and has been heavily used since then in anti-infective research. 

Monte Carlo simulation is a stochastic simulation which means that it treats the 

parameters as random variables that follow certain distributions with finite means and 

variances 62. This tool allows researchers to account for the variability of the anti-

infective exposure as well as the variability of the susceptibility of the pathogen to this 

agent. The variability in the drug exposure has been recently characterized via the use of 

population pharmacokinetic modeling approach which was discussed in section 1.2. 

Variability in the susceptibility of the organism is usually obtained from the MIC data 

collected in national surveillance studies. Incorporation of the variability of 

pharmacokinetics and pharmacodynamics in the Monte Carlo simulation analysis allows 

characterization of the distribution of the levels of the PK/PD index in a simulated patient 
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population and the estimation of the probability of attaining the outcome-linked PK/PD 

target.  

The PK/PD approach coupled with Monte Carlo simulation has wide applications 

in the anti-infective therapy. It has shown great value in comparing the efficacies of 

different drugs or different doses of the same drug against different pathogens. Such 

information has been widely used to develop formularies and establish treatment 

guidelines such as the guidelines for acute bacterial rhinosinusitis, community-acquired 

and nosocomial pneumonia and otitis media 63,64. Monte Carlo simulation also provides a 

useful tool to define the susceptibility breakpoints for the anti-infective agents using 

integrated PK/PD information rather than defining these breakpoints only on the basis of 

the distribution of MIC values in the collected isolates 65. Finally, Monte Carlo 

simulation has been also applied in drug development to optimize the dosage regimens of 

the anti-infectives under investigations in Phase 2 and 3 studies 61,66. This use of PK/PD 

knowledge is advocated by FDA and is often confirmed and/or refined after PK/PD 

analysis of data from late stage development studies 67. 
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1.4 SCOPE AND OBJECTIVES OF THE DISSERTATION 

The scope of this dissertation is the application of PK/PD modeling in assessment 

of anti-infective agents. The specific objectives of the projects were: 

1- Development of a population pharmacokinetic model for Efavirenz that describes 

the maturation of its metabolic clearance in children and adolescents. 

2- Use of Monte Carlo simulation for pharmacodynamic profiling of ceftobiprole, 

dalbavancin, daptomycin, tigecycline, linezolid and vancomycin in the Treatment 

of Methicillin Resistant Staphylococcus aureus (MRSA) in the ICU Settings. 

3- Use of response surface analysis to quantify the effect of vancomycin/rifampin 

combination against MRSA biofilm. 

4- Pharmacodynamic assessment of moxifloxacin vs. vancomycin against MRSA 

and methicillin resistant Staphylococcus. epidermidis (MRSE) and evaluation of 

the efficacy-linked PK/PD indices.  
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2.1 INTRODUCTION 

Efavirenz is a potent non-nucleoside reverse transcriptase inhibitor (NNRTI) that 

is indicated in combination with other antiretroviral agents for treatment of human 

immunodeficiency virus type 1 (HIV-1) infection 1. Efavirenz is highly bound to plasma 

proteins, predominantly albumin 2. It is mainly metabolized by the Cytochrome P450 

enzymes to hydroxylated derivatives that are subsequently glucouronidated and renally 

excreted 2. 

 High inter- and intra-individual variability in efavirenz pharmacokinetics (PK) 

has been observed in both adults and children 3-5.  This variability is of particular concern 

due to the narrow therapeutic index of efavirenz 6,7. Studies have shown that elevated 

efavirenz concentrations are associated with an increased risk of central nervous system 

(CNS) toxicity 8 and elevated liver enzymes 9. In addition, differences in efavirenz 

concentrations were found between responders and non-responders 4 and children with 

higher intra-individual variability have been reported to have higher likelihood of viral 

rebounds and a shorter time to their first viral rebound 3. 

Sources of efavirenz PK variability have been extensively studied in adults 4,5,10-

12. Covariates found to account for this variability include the polymorphic nature of 

Cytochrome P450 2B6 (CYP2B6) and other isoforms that are responsible for efavirenz 

metabolism 13-16. In addition, some studies have shown efavirenz PK to vary across 

genders and ethnicities 10-12,17. Nevertheless, little information is available about the 

correlation between efavirenz PK parameters and pediatric population covariates and the 

influence of developmental changes that take place during infancy and childhood on 
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CYP2B6 expression and efavirenz pharmacokinetics 18. Moreover, some clinical studies 

have reported high prevalence of subtherapeutic efavirenz levels among children 

suggesting need to develop alternative dosing guidelines for this important population 19-

21. The aims of the current study were to quantify inter-individual and intra-individual 

variability of efavirenz pharmacokinetics in pediatric HIV-1 patients, to identify factors 

that describe this variability including growth and maturation and to develop a population 

pharmacokinetic model that incorporate these covariates in order to guide efavirenz 

dosing in children. 
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2.2 METHODS  

2.2.1 Patient Population and Study Design 

The population pharmacokinetic analysis included efavirenz plasma concentration 

data from HIV-1 infected children who participated in the Pediatric AIDS Clinical Trials 

Group 382 (PACTG382) study 22. This was an open label Phase I/II study that was 

conducted on children who were less than 16 years old and had a plasma HIV-1 RNA 

level of more than 400 copies per milliliter using the reverse-transcription polymerase 

chain reaction (Amplicor™) Monitor assay. The trial included two cohorts; cohort I 

enrolled patients who were 3-16 years old, and cohort II where the age of the patients was 

between 2 months and 8 years at the time of enrollment. The trial was approved by the 

institutional review boards of all the eighteen participating sites. Informed written 

consent was obtained from the parents or guardians of the patients.  

Efavirenz was administered orally as one of three formulations, capsule, 

suspension or solution. It was initially dosed allometrically according to the following 

formula: Dose (in milligrams/day) = (weight of child in kilograms ÷70)0.7 x (600 for the 

capsule formulation or 720 for the oral suspension or solution). Doses were rounded to 

the nearest 25 milligrams increment. Blood samples were obtained for quantification of 

the efavirenz concentration before a dose and 2, 5, 8, and 12  hours after a dose at weeks 

2, 6, 10 if necessitated by a dosage change, 56 and 112. Additional samples after 6 and 24 

hours were obtained for cohort I patients. A 24 hours steady-state area under the 

concentration time curve (AUC24) was computed at weeks 2 and 6 and used to guide 

efavirenz dosing. If the AUC for efavirenz was not within the prespecified target range of 

190 to 380 µM.hr, the efavirenz dose was adjusted proportionately, up to a 200-mg 
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maximum dosing increase. Patients were monitored for up to 4 years and clinical 

evaluations that included efavirenz trough concentrations and determination of plasma 

HIV-1 RNA levels were conducted monthly. 

2.2.2 Population Pharmacokinetic Analysis 

All subjects who had at least one efavirenz plasma concentration were included in 

the analysis. Pharmacokinetic model fittings were performed using the nonlinear mixed 

effects modeling methodology as implemented in the NONMEM software (Version VII, 

level 1.2) 23 . The first-order conditional estimation with INTERACTION was used 

throughout the model development. Diagnostic graphical analysis was performed using R 

(Version 2.10.1). 

Development of the Population Pharmacokinetic Base Model  

Based on exploratory data analysis and our previous experience with efavirenz 

3,19, we used a one-compartment model with first order absorption and elimination 

(ADVAN 2 subroutine in NONMEM). The model was parameterized in terms of 

absorption rate constant, oral clearance (CL/F), apparent volume of distribution (V/F). 

Four residual error models were explored; namely, exponential error model, proportional 

error model, additive error model and combined proportional plus additive error model. 

Individual CL/F and V/F were assumed to be log normally distributed and their 

variability was estimated using an exponential error model as follows: 

θ� �  θ � exp�η� 

Where θ is the typical population PK parameter estimate, θi is the individual PK 

parameter and ηi is the random variable representing the difference between the θi and θ 
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which is assumed to be independent and normally distributed around 0 with a variance 

that represents the variability of the PK parameter. Since patients were sampled on 

several occasions over several years, partitioning the variability of the PK parameters into 

inter-individual (IIV) and inter-occasion variability (IOV) was tested.  

Development of the Covariate Model  

Covariates screened for their possible effect on pharmacokinetic parameters 

included body weight, body surface area, age, race, gender, formulation, CYP2B6-G516T 

polymorphism, Multidrug-resistance transporter gene (MDR1) C3435T polymorphism 

and liver function tests (Bilirubin, BUN, AST, ALT). Covariate modeling was done using 

the forward-inclusion, backward-elimination approach and was guided by evaluation of 

the empiric bayesian PK parameters estimates vs. covariates plots as well as changes in 

the estimates of PK parameters variability and residual variability. Mixture modeling as 

implemented in NONMEM was used to identify any significant patterns in patients 

whose CYP2B6-G516T genotype or MDR1-C3435T genotype was missing (about 25% 

of the patients).  

Body weight was chosen as the primary covariate in the population analysis 24. 

Both total body weight and fat free mass were used as a measure of body size and the 

results were compared 25. Fat free mass was computed from total body weight (WT) and 

height (HT)using the following equations 26: 

��� � !"# � 42.92 � ()30.93 � ()/-)�  

��� ��# !"# � 37.99 � ()35.98 � ()/-)� 
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CL/F and V/F were allometrically scaled to a weight of 70kg to allow the use of 

the model for prediction of adult pharmacokinetics and to facilitate comparison of the 

parameter estimates with those obtained in other studies 24. The exponent in the 

allometric model was fixed to 0.75 and 1, for CL/F and V/F, respectively to allow 

separation of the effect of growth and body size from the effect of age and maturation in 

the children 27.   

The maturation of CL/F in the patients was tested using a sigmoid E-max model 

to allow a gradual increase in clearance during early life years and a mature clearance to 

be achieved at a later age as following 27,28: 

�1/� � �1232 4 5()70 67.89 4 :;<=>?:;<=>? � )�97,@A=>?  

Where �1232 is the population estimate for the oral clearance standardized to a 

70-kg person using allometric model ; WT is the weight of the subject in kilograms, AGE 

is the postnatal age of the subject in months, TM50,CL is the age in months at which 

clearance is 50% that of the mature value and HCL is the Hill coefficient for the 

maturation of the oral clearance. 

Maturation of volume of distribution was explored using a similar sigmoid Emax 

model as well as using the following exponential asymptotic model 27,29,30: 

B/� � B232 4  5()70 6 4 C1 � E 4  <FG HI:;< J 1K�2)��
LM 

Where B232 is the population estimate for the apparent volume of distribution 

standardized to a 70-kg person using allometric model, β is a parameter estimating the 
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fractional volume upon birth and )NO describes the maturation half-life of the age-related 

changes in the apparent volume of distribution. 

Differences in bioavailability among the three efavirenz formulations were tested 

using relative bioavailability fraction. Oral capsule was used as the reference formulation 

in this comparison. We used an exponential error model to explore the need for an inter-

individual variability term to describe the variability of the relative bioavailability. 

Change in relative bioavailability with age was assessed using the sigmoid Emax model: 

�A�P/@Q2 � �232 4  :;<=R:;<=R � )�97,S==R 

Where �232 is the estimate for relative bioavailability achieved at maturity; TM50,F 

is the age in months at which the relative bioavailability  is 50% that of the mature value 

and HF is the Hill coefficient for the maturation of the relative bioavailability. 

  The models throughout the population analysis were evaluated by the 

examination of the convergence of the estimation and covariance routines and the visual 

assessment of the diagnostic plots; including, but not limited to; the agreement in 

scatterplots of the population and individual predicted versus measured observations and 

the lack of trends or patterns in scatterplots of conditional weighted residuals versus 

predicted observations and versus time.  

Precision of the final model parameters estimates was assessed using the 

asymptotic standard errors obtained by the covariance routine in NONMEM as well as by 

the bootstrap confidence intervals. In bootstrapping, patients were randomly sampled 

with replacement from the dataset that was used in model development to obtain 500 

datasets that have the same number of patients as the original dataset. The final model 
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was then fitted to each of these datasets and the parameter estimates were compared to 

the estimates from the original dataset. 

Model Qualification  

The final model was qualified by prediction-corrected visual predictive check 

(PC-VPC) where the final parameter estimates were used to simulate 1000 replicates of 

the observed dataset. Both observations and the simulated data were normalized for the 

typical model prediction in each bin in order to account for variation in sampling times 

and predictive covariates introduced by binning of the observations 31. The median, 5th 

and 95th percentile concentrations of the simulated datasets were then plotted against the 

original observations. Bootstrapping and PC-VPC simulations were performed using Perl 

Speaks NONMEM (PsN, version 3.1) 32. 
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2.3 RESULTS 

A total of 3172 plasma concentrations from 96 subjects were analyzed. The 

baseline characteristics of the subjects are shown in Table 2-1. A one compartment 

disposition model with first order absorption and elimination adequately described the 

data. Combined proportional and additive error model best accounted for the residual 

unexplained variability of the observed concentrations. IOV of the oral clearance was 

found to be significant and was incorporated into the model. IOV of the apparent volume 

of distribution, on the other hand, was minimal and hence was not added to the model.  

Covariate analysis is summarized in Table 2-2. Use of fat free mass as a body size 

covariate was equivalent to the use of total body weight and did not explain more of the 

variability in CL/F or V/F and hence total body weight was incorporated into the model 

for simplification.  CL/F increased with age reaching 90% of its mature value by the age 

of 9 months (Figure 2-1). The mature CL/F was estimated to be 11.2 L.hr-1.70kg-1 (90% 

confidence interval: 10.2-13.5). Children with the CYP2B6-516-T/T genotype were 

found to have an oral clearance that is 51% lower than that of the other children. No 

decrease in oral clearance was observed in children with CYP2B6-516-G/T genotype and 

mixture modeling did not suggest the presence of the T/T genotype in children whose 

genotype information was missing. 

The model suggested lower bioavailability for the oral liquid formulations 

compared to the capsule formulation with no difference in bioavailability between the 

suspension and the solution. The relative bioavailability was found to increase with age to 

reach a mature value of 0.79. Change in relative bioavailability due to age was initially 

described by a sigmoid Emax model. However, the Hill factor was not significantly 
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different from 1 and hence the maturation model was reduced to an Emax model and the 

Hill factor was fixed to 1.  

After accounting for the previous covariates, no influence on CL/F or V/F was 

attributable to gender, race, liver function markers, or MDR-1 polymorphism. In addition, 

no age related changes in volume of distribution was found. Covariates explained 11% 

and 16% of the variability in CL/F and V/F, respectively. The final model included body 

weight effect on CL/F and V/F, a sigmoid Emax maturation function and CYP2B6-516-

T/T genotype effect on CL/F as well as a formulation effect on the drug bioavailability 

and an Emax model to describe the age related changes in relative bioavailability. 

Estimates from the final model parameters and the precision associated with their 

estimation are shown in Table 2-3. The final equation for CL/F was as follows: 

TU!" �"#!U!KV# �1/WU
� 11.2 4 5() XK YZ70 67.89 4 �:;< XK  �K
W[\.]�:;< XK  �K
W[\.] � 4.6\.] 4 0.49S_Q` 

Where Flag is equal to 1 if the patient has a CYP2B6-516-T/T genotype or is 

equal to 0 if not. The final equation for the relative bioavailability of oral liquids 

compared to the oral capsule was as follows: 

�A�P/@Q2 � 0.79 4  :;< XK  �K
W[:;< XK  �K
W[ � 10.6 

The goodness of fit to the pharmacokinetic data is demonstrated in Figure 2-2 and 

Figure 2-3. Population predicted concentrations are predicted using population parameter 

estimates and covariate information while individual predicted concentrations are based 

on post hoc empiric Bayes estimates of the PK parameters. The conditional weighted 
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residuals plots showed symmetrical distribution and no time or concentration related 

trends (Figure 2-4 and Figure 2-5).   

The median, 5th and 95th percentiles of the parameter estimates from the fit of the 

final model to the bootstrap samples are shown in Table 2-3. The asymptotic estimates 

obtained from the original dataset showed close agreement with the median and were all 

included within the 5th to the 95th percentile of the bootstrapping values indicating model 

stability. The results from the PC-VPC are shown in Figure 2-6. About 90.7% of the 

original data fit within the 5th and 95th percentiles of the simulated datasets. 
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2.4 DISCUSSION 

Pediatric patients can exhibit differences in absorption and distribution, altered 

activity of metabolizing enzymes and immature renal function that result in 

pharmacokinetic profiles that are not predictable from pharmacokinetics in adults. These 

differences are due to physiological changes that are associated with two distinct 

processes; growth and development 25. Influence of these two processes could be 

examined by investigating the effect of body size and age, respectively, on drug 

pharmacokinetics. Due to the lack of information on the development or the maturation 

of efavirenz pharmacokinetic parameters in pediatrics, current dosing guidelines are 

solely based on body weight 33. This is insufficient 34-36 and contributes to the 

vulnerability of pediatric patients to drug toxicities, suboptimal therapy and emergence of 

resistance 33. 

In this study, we present a population pharmacokinetic model that describes the 

effect of growth and maturation on efavirenz pharmacokinetics in pediatrics. We have 

used the allometric size model to characterize the influence of body size on efavirenz 

clearance and volume of distribution due to its strong mechanistic and biological basis 

37,38. Since adipose tissue has minimal contribution to clearance and has distribution 

characteristics, different fractions of fat mass were proposed as predictors of the effect of 

body size on pharmacokinetic parameters 25. In our study, we compared the use of fat free 

mass to the total body weight. Adjustment for the fat free mass has been previously 

shown to improve the description of the link between size and clearance 39and golmerular 

filtration rate 40. In the current study, however, fat free mass was found to explain similar 
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magnitude of the variability in CL/F and V/F as the total body weight and consequently 

total body weight was used throughout the model development. This observation could 

be explained by the minimal fat tissue in HIV-infected children in general 33. 

The exponents of the allometric size models were fixed at 0.75 and 1 for 

clearance and volume, respectively. Fixing these parameters allowed overcoming the 

strong collinearity between age and weight in pediatrics and enabled the separation of 

their influences on efavirenz pharmacokinetics 27. Maturation of the oral clearance was 

described using a sigmoid Emax model. This model was successfully applied previously 

to examine the maturation of vancomycin clearance in premature neonates 28. Compared 

to other models that have been also used to describe maturation29,30,41,42, sigmoid Emax 

model has the distinct advantage of reaching asymptotic mature value in adults and not 

predicting biologically unreasonable values 25. In our study, the model predicted an 

increase in CL/F by age to reach 90% of its mature value by the age of 9 months. 

Interestingly, the estimates of the maturation model parameters; )�97,@A and -@A, are 

very similar to their reported estimates in the maturation models of GFR40 and drugs that 

are metabolized by Phase II metabolism such as acetaminophen25 and morphine43. This 

finding may indicate similar maturation profile for drugs irrespective of their elimination 

route.  

Effect of age on efavirenz oral clearance in children was recently investigated 

using a population pharmacokinetic analysis 44. The study demonstrated a decrease in the 

oral clearance by age in the patients whose age ranged from 2.77 to 14.70 years. 

Maturation of hepatic metabolizing enzymes are known to be completed by the age of 2 

years and children are considered mature from a pharmacokinetic perspective and differ 
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from adults only in size 45. Therefore, the decline in clearance reported in the study is 

unlikely to be due to age. This time trend could be explained by the use of 

nonphysiologically based linear model to account for the weight effect on clearance. The 

increase in efavirenz oral clearance with age that is demonstrated in our study is 

consistent with a recent study that reported an increase in the expression of CYP2B6, the 

primary catalyst of efavirenz metabolism, with age 18. In addition, the model predicted an 

adult or a mature value of 11.2 L.hr-1.70kg-1 (90% confidence interval: 9.9-12.5) for oral 

clearance which is in close agreement with estimates from population pharmacokinetic 

studies conducted in adults which ranged between 9.4 and 10.8 L. hr-1 5,11,12. This further 

supports the validity of the allometric size model and sigmoid Emax maturation model 

and their potential in predicting adult pharmacokinetic parameters from pediatric data 27.  

In accordance with our previous findings that reported a 57% reduction in the 

median oral clearance in patients with CYP2B6-516-T/T genotype 46, the population 

pharmacokinetic model estimated a 51% decrease in the oral clearance in patients with 

CYP2B6-516-T/T genotype. Association between CYP2B6-G516T polymorphism and 

increased efavirenz exposure has been reported in several studies 13-16. It has also been 

linked to an increased risk of CNS toxicities such as dizziness, insomnia and depression 

16. Lang et al 47 has reported a 28.6% prevalence of the CYP2B6-516-T/T genotype but 

this frequency increases to 50% in African populations 48,49. Our results support a 

genotype specific dosing for efavirenz where patients with the CYP2B6-516-T/T 

genotype can receive 30-50% of the standard dose 13,50. This pharmacogenetics guided 

dosing has been implemented in a Japanese cohort study and resulted in improvement of 

CNS side effects while maintaining the therapeutic efficacy 51.  
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We were unable to describe a change in apparent of volume of distribution with 

age. This could be explained by the fact that maturation of volume of distribution is 

usually completed within few weeks after birth 45. Since our study cohort did not include 

any neonates, characterization of this physiological process was not feasible. On the other 

hand, we were able to describe an increase in the relative bioavailability of the oral liquid 

formulations compared to the capsule with age using an Emax model. The model 

estimated a mature value of 0.79 for the relative bioavailability which is consistent with 

studies in adults that resulted in the 20% dose increase recommended by the 

manufacturer when oral liquid formulations are used 52. However, the model suggests that 

at age 1 and 3 years, the relative bioavailability is only 0.42 and 0.61, respectively and 

90% of the mature value is reached at age of 8 years. Likewise, previous studies have 

estimated the relative bioavailability of the oral liquids in children to be 0.47 and 0.62 

52,53. Such low bioavailability may explain the high incidence of subtherapeutic efavirenz 

levels among children 19-21 and suggests the need to use oral liquid formulations at doses 

that are 150% of the capsule doses.  

In our analysis, we were unable to demonstrate an association between the 

MDR1-C3435T polymorphism and any of the efavirenz pharmacokinetic parameters. 

MDR-1 gene is the gene that codes for the cellular drug efflux pump; P-glycoprotein and 

its expression enhances elimination and reduces drug exposure 54. Previous studies have 

had contradicting results with regards to the influence of MDR1-C3435T polymorphism 

on efavirenz exposure 55,56. Fellay et al 56  has reported an association between MDR1-

C3435T polymorphism and efavirenz pharmacokinetics. Haas et al 55 on the other hand, 

has found this polymorphism not to be associated with altered efavirenz exposure but it 
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was a predictor of a decreased risk for virologic failure and a lower incidence of 

resistance emergence. Moreover, an in vitro study has failed to show that efavirenz is a 

substrate for P-glycoprotein 57.  

No effect of gender or race was found in our analysis on efavirenz clearance. 

Some previous studies have also shown no correlation between efavirenz 

pharmacokinetics and race 58 or gender 5,11,13,58. This could be attributed to the 

insignificant differences in CYP2B6 expression between males and females 18. Other 

studies, however, have reported lower efavirenz levels in males than in females 10,17 and 

lower clearance in blacks and Hispanics than in whites 11-13. 

After accounting for the covariates effect on clearance, the remaining inter-

individual and inter-occasion variability in efavirenz oral clearance was still high (45.7 

and 30.0%, respectively). Similarly high variability has been estimated in other studies as 

well 4,5,59,60 and could be attributed to polymorphisms in metabolizing enzymes and to the 

unique circumstances that hinder adherence in HIV-infected children 33. About 20 to 250-

fold inter-individual variability is believed to exist in CYP2B6 expression at the level of 

mRNA, protein and catalytic activity 50,60. In addition, polymorphisms in CYP2A6 and 

CYP3A4 isoforms have been recently associated with efavirenz inter-individual 

variability in clearance 13. Such high variability in efavirenz pharmacokinetics may 

suggest the need for therapeutic monitoring of the drug levels in order to optimize its 

antiviral effect and minimize its toxicity 59. 

In conclusion, we have described the first population pharmacokinetic model that 

accounts for the influence of growth, maturation and CYP2B6 G516T polymorphism on 

efavirenz pharmacokinetics. The model shows good predictability performance and its 
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application to improve dosing and optimize exposure in pediatrics warrants further 

investigation.  
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 Table 2-1: The baseline characteristics of the subjects included in the 
analysis 

Characteristic Value 

Age--(months) 

Mean ±SD 

Median 

Range 

 

68.4±48.6 

66 

(2-202) 

Weight --(kilogram) 

Mean ±SD 

Median 

Range 

 

20.5±13.6 

18.7 

(4.8-96.4) 

Body Surface Area* -- (m2) 

Mean ±SD 

Median 

Range 

 

0.76±0.33 

0.75 

(0.27-2.07) 

Sex --no. (%) 

Female 

Male 

 

57 (59) 

39 (41) 

Race --no. (%) 

Non-Hispanic, White 

Non-Hispanic, Black 

Hispanic 

Native American 

Others 

 

12 (13) 

54 (56) 

28 (29) 

1 (1) 

1 (1) 

CYP2B6-G516T Polymorphism --no.  
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(%) 

G/G 

G/T 

T/T 

Missing 

34 (36) 

28 (30) 

12 (13) 

22 (23) 

MDR1-C3435T Polymorphism -- no. 

(%) 

C/C 

C/T 

T/T 

Missing 

 

31 (33) 

33 (35) 

7 (7) 

25 (26) 

* Calculated using the Mosteller formula 61:  

BSA (m2) = (Height(cm) x Weight(kg)]/ 3600)0.5 
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Table 2-2: Impact of sequential inclusion of covariates on objective function 
value (OFV) 

Model OFV 
∆OFV 

Base Model 4155.3 
0 

Allometric Model 4114.6 
-40.7 

Allometric Model + Formulation effect on BAV 4085.2 
-70.1 

Allometric Model + Formulation effect on BAV+ CYP2B6 
Polymorphism on CL/F 

4064.2 
-91.1 

Allometric Model + Formulation effect on BAV + CYP2B6 
Polymorphism on CL/F +Maturation of CL/F 

4046.6 
-108.7 

Allometric Model + Formulation effect on BAV + CYP2B6 
Polymorphism on CL/F +Maturation of CL/F + Maturation of 

Relative BAV 

4022.3 
-133 

OFV is a measure of goodness of fit and is equal to -2*log likelihood; ∆OFV= 
OFV of the model-OFV of the base model; BAV is the bioavailability.  
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Table 2-3: Final Model Parameter Estimates from fit to the original dataset 
and the 500 bootstrap samples: 

Parameter 
Original Dataset Bootstrap Datasets 

Estimate (RSE%) 90% C.I. Median 5th-95th Percentiles 

Ka(hr-1) 0.84 (12.6) 0.68-1.05 0.84 0.68-1.06 

CLpop(L.hr-1.70kg-1) 11.2 (6.8) 9.9-12.5 11.4 10.0-12.6 

TM50,CL (months) 4.6 (8.6) 3.9-5.3 4.6 3.9-5.6 

HCL 3.4 (8.1) 2.9-3.9 3.4 2.8-6.9 

ѲCyp 0.49 (11.5) 0.40-0.58 0.47 0.39-0.59 

Vpop(L.70kg-1) 468.0 (8.7) 400.8-535.2 468.4 412.1-548.4 

Fpop 0.79 (12.5) 0.63-0.95 0.80 0.65-1.00 

TM50,F (months) 10.6 (38.7) 3.8-17.4 10.3 4.9-21.8 

IIV of CL/F (%CV) 45.7 (28.4) 24.3-67.1 44.8 32.7-54.7 

IIV of V/F(%CV) 43.6 (30.5) 21.7-65.5 43.3 31.6-55.3 

IOV of CL/F(%CV) 30.0 (13.7) 23.2-36.8 30.0 26.4-33.4 

IIV of Fpop (%CV) 39.9 (32.8) 18.3-61.5 37.8 27.6-49.3 

C.I. is confidence interval; Ka is the absorption rate constant; CLpop is the population 
estimate for the oral clearance standardized to a 70-kg person using allometric model; 
CL/F is oral clearance; TM50,CL is the age in months at which CL/F is 50% that of the 
mature CL/F; HCL is the Hill factor in the maturation sigmoid Emax model for CL/F; ѲCyp 
has an exponent of 1 if the patient has a CYP2B6-516-T/T genotype or is equal to 0 if 
not; Vpop is the population estimate for the apparent volume of distribution standardized 
to a 70-kg person; Fpop is the relative bioavailability of oral liquid formulations relative to 
the capsule formulation at maturity; TM50,F is is the age in months at which FLiq/Cap is 
50% that of the mature value, IIV is inter-individual variability, IOV is inter-occasion 
variability. The residual unexplained variability in efavirenz observed concentrations was 
described by a proportional error of 25% and an additive standard deviation of 0.25 
mg/L. 
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Figure 2-1: Maturation of Oral Clearance 

Circles demonstrate individual predicted efavirenz oral clearance standardized to 
a 70-kg subject. Solid lines represent the sigmoid Emax model used to describe the 
relationship between age and oral clearance. 
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Figure 2-2: Concordance plot of Observed Concentration versus Population 
Predicted Concentration (PRED) 
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Figure 2-3: Concordance plot of Observed Concentration versus Individual 
Predicted Concentration (IPRED) 
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Figure 2-4: Conditional Weighted Residuals versus Population Predicted 
Concentration 
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Figure 2-5: Conditional Weighted Residuals versus Time after Dose 
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Figure 2-6: Prediction Corrected Visual Predicted Check (PC-VPC) Plot of 
observed concentrations (open circles), median (solid line) and 5th and 95th 
percentiles (dashed lines) of 1000 simulated data sets 
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3 CCoommppaarr aatt iivvee  PPhhaarr mmaaccooddyynnaammiiccss  ooff   

CCeeff ttoobbiipprroollee,,  DDaallbbaavvaanncciinn,,  DDaappttoommyycciinn,,  

TTiiggeeccyyccll iinnee,,  LL iinneezzooll iidd  aanndd  VVaannccoommyycciinn  iinn  

tthhee  TTrreeaattmmeenntt   ooff   MM RRSSAA--II nnffeecctteedd  II CCUU  

PPaatt iieennttss  

 

 

  

This chapter was presented in part in the Infectious Diseases Society of 

America meeting, October 2007 
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3.1 INTRODUCTION 

Gram-positive organisms, such as Staphylococcus aureus, are among the most 

common pathogens infecting patients in the intensive care units (ICUs) 1.  Methicillin-

resistant S. aureus (MRSA) has been reported to account for 55% of the ICU infections in 

the US 2. MRSA is a multi-drug resistant pathogen that emerged concomitantly to the 

introduction of the penicillinase-resistant penicillins in the 1960s 3 and has continued to 

spread causing severe morbidity and mortality worldwide 4-6. It has been shown that 

patients who suffered from MRSA bacteremia had longer ICU-stay and ventilator 

dependency, more acute renal failure and worse hemodynamic instability than those with 

methicillin-sensitive S. aureus (MSSA) bacteremia 7. 

Historically, MRSA isolates were exclusively nosocomial in origin. However, in 

the past decade, there was a clonal spread of MRSA in the community 8 and community 

acquired infections due to MRSA (CA-MRSA) have been increasingly problematic 

reaching 30% in some areas 9-13. Currently, CA-MRSA strains do not only imply origin in 

the community but also a different genetic strain of MRSA that exhibits distinct 

phenotypic differences from hospital acquired MRSA (HA-MRSA) strains with regards 

to antibiotic susceptibility, virulence and spectrum 14. In addition, unlike HA-MRSA, 

CA-MRSA often arises in children and adults without any obvious risk factors. Although 

cross-resistance is less common among CA-MRSA strains than HA-MRSA strains, CA-

MRSA strains are a significant threat because they carry a range of genes that may 

enhance its transmissibility and account for the faster growth and higher infection burden 

associated with CA-MRSA versus HA-MRSA 14,15. 
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The mainstay therapy for MRSA associated infections has been vancomycin for 

long time but its use lately has been associated with suboptimal outcomes 16-19. The 

decreased susceptibility to vancomycin may be attributed to the loss of the function of the 

accessory gene regulator operon 20. It has also been suggested that the underdosing of 

vancomycin in the past may have led to selective pressure for the evolution of 

heteroresistant MRSA strains that have low susceptibility to vancomycin 20. Moreover, 

vancomycin has a poor tissue penetration which may limit its therapeutic value in 

nosocomial pneumonia and complicated skin and soft-tissue infections. 20,21. 

In the last few years, new anti-MRSA agents, such as ceftobiprole, dalbavancin, 

daptomycin, linezolid and tigecycline, have been launched. Ceftobiprole is a novel beta-

lactam that retains its activity against MRSA as well as a wide spectrum of gram positive 

and gram-negative pathogens 22. Dalbavancin is a second generation glycopeptide that 

has a superior pharmacodynamic profile compared with vancomycin against MRSA 23-25. 

Daptomycin is a cyclic lipopeptide antibiotic that has exhibited bactericidal activity 

against S. aureus (including MRSA)  as well as other clinically relevant gram-positive 

bacteria 26-28.  Linezolid is the first oxazolidinone antibiotic and has activity against gram-

positive pathogens including MRSA and vancomycin-intermediate Staphylococcus 

aureus (VISA) 29.  Finally, tigecycline is a glycycline that can eradicate tetracycline-

resistant pathogens including MRSA 30. 

Appropriate initial treatment choices are very critical in the ICU settings. 

However, it has been reported that less than 25% of patients with MRSA infections 

receive correct therapy within the first 48 hours of hospitalization and only 40% receive 
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the proper therapy afterwards 31. This inappropriate treatment has been suggested to 

enhance the pathogenicity of MRSA and encourage its overgrowth 32. With the aim of 

helping making rational choices for MRSA treatment in the ICU settings, we conducted 

this study to compare the ability of the new anti-MRSA agents (ceftobiprole, 

dalbavancin, daptomycin, linezolid, tigecycline) as well as vancomycin to achieve the 

pharmacodynamic target of eradication against MRSA isolates collected in ICU settings. 
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3.2 METHODS 

3.2.1 Pharmacodynamics 

The pharmacodynamic profile of the tested antibiotics (ceftobiprole, dalbavancin, 

daptomycin, linezolid, tigecycline, or vancomycin) against MRSA was obtained from the 

Canadian National Intensive Care Unit (CAN-ICU) study 33. Isolates were collected in 

the ICU of 19 medical centers in Canada. In this study, MRSA accounted for 21.9% of S. 

aureus isolates and 4.7% of all isolates collected during the study. CA-MRSA and HA-

MRSA represented 9.3% and 90.7%, respectively, of the MRSA isolates. The isolate 

collection, patients demographics, methods of susceptibility testing and techniques for the 

molecular characterization of resistance mechanisms have been described previously 33,34. 

Table 3-1 shows the MIC distribution of the MRSA isolates against the tested antibiotics.  

3.2.2 Pharmacokinetics 

The population estimates for total body clearance and their associated inter-

individual variability as well as the extent of protein binding were obtained from 

published pharmacokinetic studies (Table 3-1) 35-41. The simulated doses were the 

standard therapeutic doses for the tested agents and are also shown in Table 3-1. To 

simulate the dosage of daptomycin, a Gaussian distribution for the body weight was 

assumed with a mean of 70kg and a standard deviation of 15kg. 

3.2.3 Calculation of the PK/PD Indices 

Table 3-1 shows the PK/PD indices that were calculated for each drug as well as 

their target levels as suggested by the literature to be associated with favorable clinical 

outcome in MRSA infections 42-50. The following equation was used to calculate the 
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percentage of the dosing interval during which the free ceftobiprole level will remain 

above the MIC (f T> MIC%) 51:   
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Where tau is dosing interval, 't  is the duration of infusion, oK  is the infusion rate 

calculated as (Dose × fraction unbound/'t ), 2/1t is the terminal elimination half life of 

Ceftobiprole which was assumed to have a mean of 3.3 h and a standard deviation of 0.3 

h 35,36.  

For daptomycin, linezolid, tigecycline and vancomycin, the AUC24/MIC was 

calculated using the following equation: 

AUC24/MIC= Dose24/(CLxMIC) 

Where Dose24 is the total dose administrated over 24 h and CL is the total body 

clearance. For daptomycin, AUC24/MIC was corrected for the unbound fraction to 

calculate the free drug AUC24/MIC (fAUC24/MIC). For dalbavancin, the following 

equation was used to calculate an average fAUC24/MIC after the administration of  the 

dosage regimen of 1000 mg on day 1 followed by 500 mg on day 8 and assuming a half 

life of 7 days: 

fAUC24/MIC= fu*1000/(14xCLxMIC) 

Where fu is the unbound fraction of dalbavancin. 

3.2.4 Determination of the PK/PD Susceptibility Breakpoints 

In this analysis, a 10,000-subject Monte Carlo simulation was conducted for each 

drug at each of the following MICs: 0.03, 0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, 16, 32 µg/ml. 
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Pharmacokinetic parameters were assumed to follow a log-Gaussian distribution and the 

PK/PD indices was calculated for each simulated subject as described before. The 

probability of target attainment (PTA) was estimated at each MIC as the probability that 

at least the target value of the PK/PD index is achieved 52. The PK/PD susceptibility 

breakpoint was defined as the highest value in which the PTA was ≥ 90% 53.  

3.2.5 Estimation of the Cumulative Fractions of Response (CFR) 

The CFR was estimated from a 10,000-subject Monte Carlo simulation that was 

conducted for each antibiotic dosing regimen against the entire MRSA bacterial 

population with its varying MICs. The pharmacokinetic parameters were assumed to 

follow a log-Gaussian distribution while a discrete MIC distribution was built based on 

the MIC frequencies observed in the CAN-ICU study. The PK/PD index for each 

simulated subject was calculated using randomly selected values for the pharmacokinetic 

parameter(s) as well as the MICs derived from the probability distributions of each.  The 

CFR was defined as “the expected population probability of target attainment for a 

specific drug dose and a specific population of microorganisms” and could be calculated 

as following 52 : 

CFR � e G):�  J f
�g� �� 

Where the subscript i indicates the MIC value ranked from lowest to highest MIC of the 

tested population of microorganisms, PTAi represents the probability of target attainment 

at each MIC and Fi is the proportion of the CAN-ICU MRSA isolates that had this MIC. 

All simulations were performed using Oracle Crystal Ball software (version 11.1, Oracle 

USA, Inc., Denver, Colorado) 54. 
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3.3 RESULTS 

The PTA of the simulated regimens as a function of increasing MICs is displayed 

in Figure 3-1 and the determined PK/PD susceptibility breakpoints are shown in Table 

3-2. Although Clinical Laboratory and Standards Institute (CLSI) typically advocates one 

breakpoint for each antibiotic-microrganism combination, regimen-specific breakpoints 

were investigated in case of drugs for which more than one dosage regimen was tested, 

i.e. daptomycin and vancomycin. For both drugs, however, the breakpoints suggested by 

the PTAs profile agreed across the studied doses (Figure 3-1). The susceptibility 

breakpoints of ceftobiprole were 16 and 8 µg/ml at the target levels of 30% and 50%, 

respectively. 

 The median, 10th percentile, 90th percentile and the standard deviation of the 

PK/PD indices in the simulated patients in the CFR analysis are presented in Table 3-3. 

Figure 3-2 compares the CFR for all the tested antibiotics. Ceftobiprole (at both target 

levels) and dalbavancin achieved the highest probability (100%) of bactericidal effect 

against the MRSA isolates, followed by vancomycin at the higher dose attaining a CFR 

of 98.3%. Daptomycin (6mg/kg/day), linezolid, and vancomycin (1gm BID) had a similar 

likelihood for favorable outcome with CFR of 87.6%, 88.7% and 89.4%, respectively. 

Finally, the CFR of tigecycline and daptomycin (4mg/kg/day) were the lowest and were 

estimated to be 82.4% and 70.8%, respectively. 
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3.4 DISCUSSION 

Monte Carlo simulation is a stochastic simulation analysis that involves 

resampling from one or more parametric distribution models 55. Monte Carlo simulation 

has been commonly applied in antimicrobial pharmacodynamic studies to compare the 

efficacy of different antimicrobial agents and/or different dosage regimens of the same 

antibiotic against the pathogen of interest 56. The analysis typically involves calculating 

the relevant PK/PD index using random samples drawn from the sampling distributions 

of the pharmacokinetic parameter(s) and the MIC values 57. By repeating this process 

thousands of times, the distribution of the levels of the PK/PD index in the simulated 

population could be identified which allows estimation of the probability of attaining the 

PK/PD target. PK/PD targets have been shown to correlate with therapeutic efficacy in 

the clinical settings and hence can serve as a surrogate marker for efficacy 58-60. This 

analysis has the advantage of accounting for the variability of the susceptibility of a 

specific pathogen to an antibiotic as well as the inter-individual variability in the 

antimicrobial pharmacokinetics in the target population.  

In this study, we investigated the ability of several anti-MRSA regimens to 

achieve the PK/PD target associated with their efficacy. Daptomycin at a dosage of 

4mg/kg/day, indicated for complicated skin and skin structure infections, had the lowest 

CFR among all studied regimens. The use of a higher daptomycin dosage of 6mg/kg/day, 

which is indicated for S. aureus bacteremia, substantially increased the CFR from 70.8% 

to 87.6% which suggests its relative advantage compared to the lower dose in eradicating 

MRSA infections in the ICU settings. On the other hand, ceftobiprole and dalbavancin 

were superior to all investigated agents and had 100% likelihood of bacterial eradication. 
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This corroborates the results of other clinical and pharmacodynamic studies that showed 

the therapeutic value of these two agents 43,61-64.  

Use of vancomycin at a dose of 1.5gm twice daily is also suggested by this study. 

CFR analysis showed that this dosage has 98.3% probability of attaining the 

pharmacodynamic target against the MRSA isolates in the ICU, compared to 89.4% when 

the lower dose of 1gm twice daily was used. This is consistent with reports that suggested 

that vancomycin has been underdosed in the past20 and supports the recent guidelines for 

dosing vancomycin at 15-20 mg/kg dose every 8-12 h 50,65. However, the CFR values 

listed above were higher than what was reported by other pharmacodynamic studies 49,64. 

This could be attributed to the minimal proportion of MRSA isolates in the CAN-ICU 

study that had MIC higher than 1µg/ml (2% of the isolates, Figure 3-1.f). In addition, the 

vancomycin clearance estimate used in our analysis (3.6 L/h) was obtained from a study 

conducted on ICU-patients 41, while the other studies have used higher estimates of CL 

(4.7 and 4.94 L/h) that represent a more general patient population. This lower clearance 

is potentially responsible for the higher exposure and hence higher CFR observed in this 

study against ICU MRSA isolates.  

Traditionally, susceptibility breakpoints have been determined on the basis of the 

MIC distribution of the organism. Recently, however, Monte Carlo simulation analysis 

has been used by regulatory agents, such as CLSI, FDA and EUCAST to assist in 

defining the susceptibility breakpoints 66.  This allows the use of the exposure effect 

relationship measures as the parameters to describe the susceptibility rather than the static 

MIC values 67. In the current analysis, we employed this approach to suggest the PK/PD 

susceptibility breakpoints for the tested agents. These breakpoints were well higher than 
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the MIC90 of the tested isolates in case of ceftobiprole and dalbavancin and lower than 

the MIC90 for daptomycin, linezolid and tigecycline. This explains the higher CFR 

observed with ceftobiprole and dalbavancin than the other agents (Figure 3-2). For 

vancomycin, the suggested breakpoint was found to be 1µg/ml which matches its MIC90 

in the study. This breakpoint was also observed at the higher vancomycin dose of 1.5gm 

twice daily which showed a low PTA of 60% against MRSA isolates of 2µg/ml. This 

confirms the results of two clinical studies that showed an inferior likelihood for 

successful therapy when the S. aureus MIC was 1-2µg/ml 68,69and suggests a further 

reduction in the current CLSI breakpoint of 2µg/ml 70. 

It is important to note the limitations of the use of the Monte Carlo simulation 

approach for pharmacodynamic profiling of antimicrobials. First, there is not a complete 

consensus about all the target PK/PD indices and their cut off levels could often be 

debated. For instance, we used in this analysis a fAUC/MIC target level of 189 for 

daptomycin which has been suggested and applied in several PD studies 45,71,72. However, 

Dandekar et al 73 suggested lower target levels for daptomycin which can potentially 

result in higher CFR and breakpoints than what is reported in our study. It is also worth 

mentioning that although an in vitro study has suggested an AUC/MIC target level of 

1113 for pharmacodynamic efficacy of vancomycin against MRSA 74, we choose to use 

the target level of 400 advocated in the recent vancomycin therapy guidelines 50,75. The 

higher target tends to result in a very conservative and potentially clinically irrelevant 

estimate of vancomycin CFR (<10%, data not shown). Second, the susceptibility 

breakpoints suggested in our analysis should be interpreted cautiously and integrated with 

genotypic profiles and microbiologic information about the prevalence of resistance 
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factors in a larger and more general population of isolates. Finally, the results of the 

analysis are conditional on the simulated pharmacokinetic parameter and dispersion 

estimates which were obtained from published pharmacokinetic studies. Consequently, 

extrapolation of the results to some subpopulations, such as cystic fibrosis patients who 

tend to have higher clearance to most drugs, may lead to biased likelihood estimates 52,76. 

In summary, ceftobiprole and dalbavancin had the highest likelihood of attaining 

their requisite PK/PD targets against the MRSA isolates incorporated in the study. Higher 

doses of daptomycin and vancomycin improved their CFR appreciably and seem 

necessary to ensure high likelihood of successful outcome. Our analysis also suggested 

PK/PD susceptibility breakpoints for the tested agents which can be integrated with data 

from other studies to select the breakpoints to be implemented in the clinical 

microbiology laboratories.  
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Table 3-1: Summary of dosage regimens, pharmacokinetic, pharmacodynamic and 
pharmacokinetic/pharmacodynamic parameters incorporated in the Monte Carlo simulation analysis 

Drug 
Dosage 

Regimen(s) 

Pharmacokinetics Pharmacodynamics PK/PD 

CL (IIV%) 

L/h 
Unbound Fraction 

MIC 50  

µg/mL 

MIC 90  

µg/mL 

MIC range  

µg/mL 
Index Target Level 

Ceftobiprole 500mg /2hrs TID 4.98 (11.6)35 ,36 0.8435 1 2 1-4 f T> MIC% 30, 50%42 ,43 

Dalbavancin 1000mg, 500mga 0.0579 (23.7)37 0.0737 0.06 0.06 0.03-0.12 fAUC24/MIC 29244 

Daptomycin 
4mg/kg QD 

6mg/kg QD 
0.688 (52.1)38 0.1 38 0.12 0.25 0.12-0.5 fAUC24/MIC 18945 

Linezol id 600mg BID 6.85 (50.3)39 NAb 2 2 1-4 AUC24/MIC 59.146 ,49 

Tigecycl ine 50mg BID 18.6 (36.2)40 NAb 0.12 0.5 0.06-0.5 AUC24/MIC 17.947-49 

Vancomycin 
1gm BID 

1.5 gm BID 
3.6 (29.2)41 NAb 1 1 0.25-8 AUC24/MIC 40050 

IIV is inter-individual variability, QD, BID and TID indicates once, twice and three times daily, respectively. 
aDalbavancin is administered as 1000mg on the first day then 500mg after 7 days. bNA indicates that unbound fraction was not 
needed in the analysis since a total AUC/MIC was calculated for these antimicrobial agents. 
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Figure 3-1: Probability of target attainment (PTA) as a function of increasing 
minimum inhibitory concentrations (MICs) for a) Cef tobiprole, b) Dalbavancin, c) 
Daptomycin, d) Linezolid, e) Tigecycline, f) Vancomycin.  

MIC Distributions are integrated in the plots to demonstrate the range and 
frequency of the isolates susceptibility. 

a)   

 

b) 
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c) 

 

 

d) 
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e) 

 

f) 
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Table 3-2: PK/PD Susceptibility breakpoints as suggested by the Monte 
Carlo Simulation analysis: 

Drug 
Suggested PK/PD Susceptibility Breakpoint 

(µ g/ml) 

Ceftobiprole 8* 

Dalbavancin 0.12 

Daptomycin 0.12 

Linezolid 1 

Tigecycline 0.12 

Vancomycin 1 

* Estimated at the f T> MIC% target level of 50% 
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Table 3-3: Levels of the PK/PD indices achieved in the simulated patients in 
the CFR analysis 

Drug 
Dosage 

Regimen(s) 

Simulated PK/PD Index* 

10th 

Percentile 
Median 

90th 

Percentile 

Standard 

Deviation 

Ceftobiprole 500mg/2h TID 138.9 177.7 197.8 22.62 

Dalbavancin 1000mg,500mg 1,130.9 1992.9 3,574.1 973.6 

Daptomycin 

 

4mg/kg  QD 115.0 275.3 631.4 233.8 

6mg/kg  QD 174.1 412.8 940.9 345.4 

Linezolid 600mg BID 57.3 110.4 235.3 82.7 

Tigecycline 50mg BID 12.8 39.1 71.5 24.4 

Vancomycin 
1gm BID 275.3 603.1 1,061.3 328.4 

1.5gm BID  591.4 902.3 1,572.8 476.3 

* PK/PD indices were f T> MIC% for ceftobiprole, fAUC24/MIC (µg.hr/ml) for 
dalbavancin and daptomycin, and AUC24/MIC (µg.hr/ml) for linezolid, tigecycline and 
vancomycin  
  



 

 

Figure 3-2: Cumulative fraction of response (CFR %) for different antibiotic 
regimens against the MRSA isolates of the CAN

 

 

Ceftobiprole (500 mg TID)

Dalbavancin (1000 mg)

Linezolid (600mg BID)

Tigecycline (50mg BID)

Daptomycin (4 mg/kg)

Daptomycin (6 mg/kg)

Vancomycin (1 gm BID)

Vancomycin (1.5 gm BID)

65 

Cumulative fraction of response (CFR %) for different antibiotic 
regimens against the MRSA isolates of the CAN-ICU surveillance study.

0.0% 20.0% 40.0% 60.0%

Ceftobiprole (500 mg TID)

Dalbavancin (1000 mg)

Linezolid (600mg BID)

Tigecycline (50mg BID)

Daptomycin (4 mg/kg)

Daptomycin (6 mg/kg)

Vancomycin (1 gm BID)

Vancomycin (1.5 gm BID)

Cumulative Fraction of Response (CFR)

Cumulative fraction of response (CFR %) for different antibiotic 
ICU surveillance study. 

 

80.0% 100.0%

100.0%

100.0%

70.8%

87.6%

88.7%

82.4%

89.4%

98.3%

Cumulative Fraction of Response (CFR)



 

66 

 

4 PPhhaarr mmaaccooddyynnaammiicc  AAsssseessssmmeenntt   ooff   

VVaannccoommyycciinn--RRii ffaammppiinn  CCoommbbiinnaatt iioonn  

aaggaaiinnsstt   MM eetthhiiccii ll ll iinn  RReessiissttaanntt   

SSttaapphhyyllooccooccccuuss  aauurreeuuss  BBiiooff ii llmm::   AA  

PPaarr aammeett rr iicc  RReessppoonnssee  SSuurr ffaaccee  AAnnaallyyssiiss  

  

This chapter was presented in part in the American Conference on 
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4.1 INTRODUCTION 

Staphylococcus aureus is one of the most common Gram positive pathogens 

encountered in both community and hospital settings 1. Methicillin resistant 

Staphylococcus aureus (MRSA) accounts for 40% of all nosocomial Staphylococcus 

aureus infections 2 and 64% of Staphylococcus aureus infections in the intensive care 

units 3. MRSA infections are associated with higher morbidity, mortality and health care 

cost than Methicillin sensitive Staphylococcus aureus (MSSA) infections 4,5 with some 

studies reporting the mortality rate from MRSA bacteremia to be higher than 50% 6,7.  

 Methicillin resistance is often associated with resistance to other antimicrobial 

agents such as macrolides, aminoglycosides and beta-lactams which limits the 

antimicrobial agents that could be prescribed for MRSA infections 8,9 . Although 

vancomycin has been the standard therapy of MRSA infections, staphylococcal isolates 

with decreased susceptibility to vancomycin, known as vancomycin intermediate 

Staphylococcus aureus (VISA) have been reported worldwide 10-12 . Moreover, the 

polymorphism, that is responsible for this decreased susceptibility, was also found to be 

associated with overproduction of biofilm 13. Biofilm is a microbial derived sessile 

community characterized by cells that are reversibly attached to a substratum or interface 

or to each other, are embedded in a matrix of polymeric substances that they have 

produced, and exhibit an altered phenotype with respect to growth rate, antimicrobial 

resistance, and gene transcription 14. Staphylococcus aureus is known to be able to 

colonize and form biofilm on indwelling medical devices such as intravascular catheters, 

prosthetic heart valves, pacemakers and orthopedic implants resulting in device-related 

and catheter-related blood stream infections 14,15. Biofilm associated infections tend to be 
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persistent and very difficult to eradicate because of the inherent resistance of biofilm 

embedded bacteria. This biofilm resistance is due to the slow growth rate of sessile 

bacteria, the limited penetration of the antimicrobial agents through the biofilm matrix 

and/or gene expression or repression associated with the biofilm mode of growth 14.  

Due to the current decline in development of novel antimicrobial agents 16, the use 

of combination therapy has gained more attention as an alternative strategy for combating 

biofilm resistance. Other potential advantages of the use of antibiotic combinations are 

decreased development of resistance and a broadened antibacterial spectrum through 

hitting multiple targets within the microbial cell 17,18. Rifampin is a bactericidal agent 

against Staphylococcus aureus that is often used in combination to avoid the rapid 

emergence of resistance 19,20. This agent has been reported to have a strong anti-biofilm 

activity that could be attributed to its ability to penetrate the biofilm 19 and/or its ability to 

inhibit the adherence of the bacteria to the surfaces 21. Nevertheless, the efficacy of its 

combination with vancomycin against MRSA biofilm remains controversial 19-27, despite 

the common use of this combination for treatment of staphylococcal infections 28,29. The 

objective of the current study is to use a newly developed quantitative methodology 30 to 

characterize the bactericidal effect of vancomycin and rifampin separately and in 

combination against MRSA biofilm.  
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4.2  METHODS 

4.2.1 Bacterial Strain and Antimicrobial Agents 

Methicillin resistant Staphylococcus aureus ATCC 43300 (American Type 

Culture Collection, Manassas, VA, USA) was used in the study. The bacterial culture was 

stored in skim milk at -80°C in cryotubes (Thermo Fisher Scientific, Inc., Waltham, MA, 

USA).  Prior to each experiment, MRSA ATCC 43300 was sub-cultured twice on Tryptic 

Soy Broth (TSB, Sigma-Aldrich, St. Louis, MO, USA) and incubated for 16 h at 37°C. 

The inoculum was then prepared in cation–adjusted Mueller Hinton II broth (MHII) 

(Sigma-Aldrich, St. Louis, MO, USA) and diluted to match 0.5 McFarland standard  

which is equivalent to 1.5 × 108 CFU/ml. 

Vancomycin and rifampin powders were purchased from Sigma-Aldrich (St. 

Louis, MO, US). Solutions of 20 mg/ml vancomycin and 6.4 mg/ml rifampin were 

prepared and stored as aliquots of stock solutions at -80°C according to the Clinical 

Laboratory and Standards Institute (CLSI) guidelines (31). Aliquots of the stock solutions 

were thawed at room temperature and diluted in MHII broth prior to experiments. 

4.2.2 Planktonic Susceptibility Testing 

The minimum inhibitory concentrations (MICs) of the antimicrobial agents were 

determined using the broth microdilution method as described by CLSI guidelines 31. The 

experiments were performed in polystyrene, round bottom, 96-wells microplates (Greiner 

Bio-One North America, Monroe, NC, USA). Twofold serial dilutions of the antibiotics 

were used and the final bacterial count in each well was 5 × 105 CFU/ml. The MIC was 
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defined as the lowest concentration of the antibiotic that resulted in no visible growth 

after aerobic incubation at 37°C for 24 h.  

4.2.3 Biofilm Susceptibility Testing 

Biofilm Formation 

 75 µl inoculums of 1.5 × 108 CFU/ml TSB culture were incubated for 24 hours at 

37 ˚C in polystyrene, round bottom, 96-wells microplates 32. After incubation, the 

supernatant was aspirated and the wells were washed twice with sterile normal saline 

solution.  

Minimum Biofilm Inhibitory Concentration (MBIC) 

100 µl aliquots of two fold serial dilutions of the antibiotics in MHII were added 

to the wells with the established biofilms. After incubation for 18 hours at 37°C, the 

plates were examined visually for bacterial growth indicated by the presence of turbidity. 

The MBIC was defined as the lowest concentration of the antibiotic that resulted in no 

visible growth 33. A positive control and a negative control were included in all 

experiments and all experiments were repeated at least in duplicates. 

Minimum Biofilm Bactericidal Concentration (MBBC) 

10µl aliquots from wells with no visible growth were transferred into a new 96 

well plate and diluted with 90µl aliquots of TSB to minimize the carryover effect. After 

incubation for 24 hours at 37°C, the plates were examined visually for bacterial growth. 

The MBBC was defined as the lowest concentration of the antibiotic that prevented 

visible growth.  
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4.2.4 Biofilm Time-Kill Studies 

Biofilm Formation 

0.5ml aliquots of MHII broth containing 1.5 × 106 CFU/ml of the microorganism 

were used to inoculate 1.5ml polypropylene tubes (Greiner Bio-One North America, 

Monroe, NC, USA) 34. The tubes were incubated for 24h at 37°C under aerobic condition 

without shaking. The supernatant was then carefully aspirated and the tubes were washed 

with normal saline solution. Establishment of MRSA biofilm in the tubes was confirmed 

using scanning electron microscopy. The photo was captured using variable pressure 

JEOL scanning electron microscope (Model JSM-6490LV, Peabody, Massachusetts) 

equipped with a tungsten filament with accelerating voltages of 20 kV and chamber 

pressure from 60 - 70 Pa according to the method described by van Heerden et al.35. 

Anti-biofilm Assessment of Single Agents 

MRSA biofilm was exposed to vancomycin or rifampin at increasing 

concentrations of 0 (control), 0.25, 1, 4, 16, and 64 times MBIC. All experiments were 

run in duplicate. After 24 h of incubation at 37°C, the tubes were sonicated for 5 minutes 

in ultrasonic water bath (Fisher Scientific, Model FS-60, frequency of 40 kHz, ultrasonic 

power of 130 Watt) followed by vigorous vortexing for 60 seconds to dislodge and 

disperse the cells from the biofilm 36. After sonication, samples of 100µl were withdrawn 

and were ten-fold serially diluted in sterile normal saline solution to minimize the 

antibiotic carryover effect by reducing the antibiotic concentration to sub-MIC levels.  50 

µl samples were then plated onto Muller Hinton Agar (MHA, Sigma-Aldrich, St. Louis, 

MO, USA) plates to quantify the total biofilm-embedded bacterial burden. After 
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incubation of the MHA plates at 37°C for 24 h, the viable cell count was determined for 

different treatments and controls.  

Pharmacodynamic Modeling 

 The total bacterial burdens after 24 hours of antibiotic exposure were 

logarithmically transformed and fitted to an inhibitory sigmoid Emax model in ADAPT II 

(Biomedical Simulation Resource, University of Southern California, Los Angelos, CA) 

using the maximum-likelihood estimation method 37. The observations were weighted by 

the reciprocal of their variances. The baseline effect was fixed to the logarithm of the 

mean bacterial count observed after 24 hours in the control experiments.  

Determination of the Optimal Sampling Concentrations 

The parameters estimate obtained from the sigmoid Emax model were assumed to 

be the true parameter values and were used in ADAPT II to determine four optimal and 

clinically achievable sampling concentrations that would most precisely estimate the 

model parameters for each antibiotic. D-optimality criterion was employed to minimize 

the determinant of the variance-covariance matrix of the estimated parameters, or 

equivalently, to minimize the volume of the confidence region for the parameters 

estimates. The upper bounds of the concentrations constraint were the maximum 

clinically achievable concentrations of the two antibiotics (64 µg/ml for vancomycin and 

32 µg/ml for rifampin). A conservative lower bound of 0.25 × MBIC was used in order to 

characterize the whole pharmacodynamic profile and identify any synergistic interactions 

at low concentrations.  
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Anti-biofilm Assessment of the Combination  

MRSA biofilm was established in the same way described above with the single 

agent experiments. Twenty five combinations of the optimal sampling concentrations 

(including control) of the two agents were then assessed for their bactericidal activities 

against MRSA biofilm. After 24 hours of  exposure, the total bacterial burden was 

retrieved, quantified and used to construct a three dimensional response surface. Using 

effect summation, another three dimensional response surface was simulated to describe 

the predicted combined antibacterial effect in case of null interaction as follows 30: 

1Equation EEEffect rifampinvancomycinncombinatio +=  
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Where oE  represents the mean bacterial burden in the control experiments, rEmax  

and vEmax are the maximum effects of rifampin and vancomycin, rC  and  vC are the 

concentrations of rifampin and vancomycin, rC50  and vC50  are the concentrations of 

rifampin and vancomycin at 50% of the maximum effect, Hr and Hv are the Hill factors 

for rifampin and vancomycin, respectively. 

Computation of the Pharmacodynamic Interaction Index 

The volume under the simulated surface was estimated by double integration of 

equation 2 over the clinically achievable range. The volume under the observed data was 

estimated by linear interpolation between the observed data then estimating the volumes 
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of the cuboids formed. These volumes can be conceptualized as the integral bactericidal 

effect over the studied concentration ranges of the two antibiotics 30. A 95% confidence 

interval (CI) of the volume under the observed surface was calculated using the 

confidence intervals of the mean observed data (mean ±1.96×standard deviation). The 

pharmacodynamic interaction index was computed as the ratio of the volumes under the 

observed and simulated surfaces. Synergy and antagonism were defined as interaction 

index values of < 1.0 and > 1.0, respectively. Matlab (version 7.1, The MathWorks, 

Natick, MA) was used for computation of the volumes and visualization of the results.  

The Matlab code as well as the Fortran code used in ADAPT II for pharmacodynamic 

modeling and generation of the D-optimal concentrations are available from the author. 
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4.3 RESULTS 

The results of the susceptibility experiments are shown in Table 4-1. The MIC 

and MBIC values are consistent with those presented in other reports 23,38 . Although the 

MBIC of both agents were comparable, the MBIC was more than 800-fold the MIC in 

case of rifampin while it was only 8-fold higher for vancomycin. 

The methodology adopted for biofilm formation and quantification in the time-kill 

studies was highly reproducible with less than 3.5% variability in the control experiments 

results across the study period. The mean bacterial density retrieved from the biofilm in 

the control experiments was 3.2 × 109 CFU/ml. The lower limit of bacterial quantification 

(LLQ) was 5 X 102 CFU/ml. The coefficient of variation was 2.4% and 10% in the 

vancomycin and rifampin single agent experiments, respectively.  Rifampin exhibited a 

superior antibacterial profile than vancomycin against MRSA biofilm (Figure 4-1). In the 

pharmacodynamic modeling, a proportional error model was used to describe the 

relationship between the assay variance and the mean observed bacterial burden. 

Observations lower than LLQ was substituted with LLQ/2 prior to modeling. The 

sigmoidal inhibitory Emax model fitted the data adequately, with R2 of 0.97 and 0.99 for 

vancomycin and rifampin data, respectively (Figure 4-1). Table 4-2 shows the parameters 

estimates for both antibiotics as well as the precision associated with their estimation.  

The uncertainty in the parameters estimates was generally low, with the highest relative 

standard error% (RSE%) being 28.6. The sampling concentrations of the D-optimal 

design were estimated to be 2, 4.1, 12.8, and 64 µg/ml for vancomycin and 1.56, 4.2, 

14.4, and 32 µg/ml for rifampin. 
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Figure 4-2 shows the parametric response surface that presents the additive anti-

biofilm actvity of the combination simulated under null interaction assumption and 

calculated using equation 3. 
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The bacterial densities observed at the different combination concentrations are 

demonstrated in Figure 4-3. Observations showed lower anti-biofilm activity than the 

simulated profile at all concentration combinations (Figure 4-4). The higher the 

concentrations of the agents, the higher the antagonism observed, with the highest 

antagonism observed with the combination of 64 µg/ml of vancomycin and 32 µg/ml of 

rifampin (Figure 4-5).  

The volume under the simulated surface was 4113.3, while the volume under the 

observed points was found to be 13802.1 (95% CI, 13380.3 to 14223.9). The 

pharmacodynamic interaction index was estimated to be 3.36 (95% CI, 3.25 to 3.46). 

 



 

77 

 

4.4 DISCUSSION 

The use of combinations of antimicrobial agents has emerged as a promising 

therapeutic approach to overcome the increased bacterial resistance and the poor pipeline 

of novel antimicrobial agents 39. Since not all antimicrobial combinations act 

synergistically, use of combination therapy is not always advantageous and approaches 

that can predict the pharmacodynamic interaction between the combined antimicrobial 

agents would help to make a rational choice of the antimicrobial combinations. Although 

several in vitro methods have been used to evaluate antimicrobial combinations, their 

results may not correlate with each other 40-42 and they were often of little value in 

predicting the clinical outcome as assessed by in vitro pharmacokinetic models as well as 

animal and clinical studies 18,43-45 . In addition, the assumptions that some of them are 

built on have been questioned which invalidates the interpretation of their results 46. 

 The checkerboard titration is one of the most commonly used techniques to study 

the interaction of antimicrobial agents and its results are usually interpreted using the 

fractional inhibitory concentration index (FICi). Defining the lack of interaction between 

two agents, i.e. additivity, using the FICi is based on Loewe additivity model which 

assumes linear concentration effect relationship 46. This assumption is clearly violated in 

many cases as seen in Figure 4-1. In addition, studies have reported the high dependence 

of the FICi estimates on the dilution series 47 and the poor reproducibility of results 48. 

Time-kill studies have been commonly used to evaluate antimicrobial 

combinations. An advantage of this technique is that it allows quantitative assessment of 

the extent of the bacterial killing effect rather than the dichotomous visual evaluation of 
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bacterial inhibition used in the checkerboard technique. These studies, however, evaluate 

the antimicrobial interaction at one static concentration and hence its results cannot be 

extrapolated to the other concentrations. This limits the clinical relevance of the results 

given the fact that the drug concentration varies in vivo according to its pharmacokinetic 

parameters. Moreover, there is no widely accepted definition of synergy in time-kill 

experiments for bactericidal agents 18.  

Tam et al. has recently proposed a response surface analysis approach for 

pharmacodynamic assessment of antimicrobial agents interactions 18,30. This technique 

involves conducting time-kill studies at different concentrations combinations of the 

antimicrobial agents and using pharmacodynamic modeling and effect summation to 

define the parametric response surface representing additive effect of the combination. 

Data above or below this response surface indicates antagonism or synergism, 

respectively. In addition, a pharmacodynamic interaction index is computed to allow a 

quantitative measure of the interaction. A confidence interval for this index can be 

estimated as well by including the replicates variability in the analysis in order to provide 

a statistical basis for interpreting the results and comparing the different combinations 18.  

In this study, we used the response surface analysis approach to evaluate the 

efficacy of the vancomycin and rifampin combination against MRSA biofilm. The effect 

of the biofilm on the susceptibility to vancomycin and rifampin was enormous as 

demonstrated in Table 4-1. This is consistent with previous reports about the association 

between biofilm formation and antimicrobial resistance 14,49. Rifampin demonstrated 

higher efficacy than vancomycin against MRSA biofilm in the single agent time-kill 

studies. This could be attributed to rifampin’s lower molecular weight and its lesser 
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structure complexity which enables higher penetration ability through the biofilm matrix 

compared to that of vancomycin. Combination experiments revealed antagonism at all 

concentrations and the interaction index was significantly higher than 1 suggesting strong 

antagonism between the two agents against MRSA biofilm. 

Studies on the efficacy of vancomycin-rifampin combination against MRSA 

biofilm have had conflicting results 19-27. Rose et al. showed that rifampin has a minimal 

effect against low and high biofilm-producing MRSA strains while its combination with 

vancomycin was bactericidal against all the strains 23. Saginur et al. reported that 

vancomycin and rifampin combination was effective against MSSA biofilm but fusidic 

acid had to be added to this combination in order to produce a similar effect against 

MRSA biofilm 50. LaPlante et al. showed that rifampin did not enhance the activity of 

vancomycin against MRSA biofilm while it antagonized and delayed the bactericidal 

effect of another glycopeptide, daptomycin 22. This antagonism was attributed to the 

delaying effect of RNA synthesis inhibition on the activity of cell-wall active antibiotics 

22.   In addition, antagonism between vancomycin and rifampin has been reported against 

MRSA in the planktonic state 51-53. The heterogeneity in the testing methods used in the 

previous studies was suggested as the cause of this inconsistency in the results 19. We 

believe, however, that the approach employed in our study provides a more robust 

quantitative assessment of the antimicrobial agents’ interactions which in turn, 

potentiates the clinical relevance of the obtained results. In fact, despite the common use 

of this combination clinically, clinical studies have failed to show a therapeutic advantage 

of concomitant administration of rifampin and vancomycin in the treatment of MRSA 

endocarditis with a slight trend in favor of vancomycin monotherapy 19,25,27,54. 
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A limitation of our study is the use of one MRSA strain which limits the 

generalizability of the results. To the best of our knowledge, this is the first time that the 

response surface modeling approach was applied to assessing the anti-biofilm effect of an 

antimicrobial combination. As reported previously 30, this approach performs better when 

assessing the antimicrobial activity against inherently resistant bacteria, which makes its 

use in biofilm studies one of its best applications. However, this approach may not be 

convenient for routine clinical laboratory use due to its laborious nature and its use may 

be limited to research purposes.   

 In conclusion, using a new modeling based approach; we have demonstrated an 

in vitro antagonism between vancomycin and rifampin against MRSA biofilm at 

clinically achievable concentrations. The parametric approach employed to quantify the 

activity of the combination provides a scientific rationale for further in vivo investigations 

which will allow a better understanding of the therapeutic potential of this combination in 

biofilm-associated MRSA infections.  
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Table 4-1: Susceptibilities of MRSA 43300 in the planktonic and biofilm 
states to vancomycin and rifampin. 

 

Antimicrobial Agent MIC  (µg /ml) MBIC(µg /ml) MBBC(µg /ml) 

Vancomycin 1 8 32 

Rifampin 0.0075 6.25 6.25 

 

   

Table 4-2: Parameter estimates of the pharmacodynamic models of 
vancomycin and rifampin. 

Parameter 
Estimate (%RSE) 

Vancomycin Rifampin 

E
max

 3.21 (3.39) 7.27 (4.94) 

EC
50

 3.56 (16.9) 5.72 (28.6) 

H 1.34 (21.74) 0.86 (27.1) 
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Figure 4-1: Model fit of the total bacterial density after exposure of biofilm to 
varying concentrations of the Vancomycin (A) or Rifampin (B) for 24 hours in the 
single agent experiments.  

Data are shown as means ± SD. The bacterial density after exposure to rifampin at 
concentration of 400 µg/ml was below the LLQ and hence was not shown in the plot. 

 

A 
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Figure 4-2: Simulated response surface showing the expected anti-biofilm 
effect if the effect of Vancomycin- Rifampin combination was additive. 
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Figure 4-3: The observed bacterial density after 24 hours of biofilm exposure 
to different concentrations of vancomycin– rifampin combinations. 
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Figure 4-4: Comparison of the observed (circles) and simulated (mesh) anti-
biofilm activities of vancomycin–rifampin combinations.  

Observations show higher count (i.e. lower effect) than what is expected if the 
combination was additive. 
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Figure 4-5: The extent of antagonism at the different concentrations of 
vancomycin–rifampin combination 
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This chapter will be published in Journal of Chemotherapy 22(4), August 2010  
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5.1 INTRODUCTION 

About 50% of nosocomial infections occurring every year in the United States are 

associated with indwelling medical devices such as intravascular catheters, urinary 

catheters, orthopedic devices and other implanted prosthetic devices 1. Staphylococcus 

aureus as well as coagulase negative staphylococci (CoNS) such as Staphylococcus 

epidermidis are the most commonly associated pathogens with device-related and 

catheter-related infections 2-4. This may be attributed to the commensal presence of these 

pathogens on the human skin and mucous membranes which allow them to invade and 

colonize foreign surfaces when the skin barrier is disrupted by inserted or implanted 

medical devices 4. Staphylococci are known for their ability to adhere to the surface of 

the foreign implanted material forming a biofilm which plays a key role in the 

pathogenesis of the implant related infections 5. The bacterial biofilm is a structured 

community of bacterial cells enclosed in a self-produced polymeric matrix and adherent 

to an inert or living surface 6.  The bacteria in biofilm communities are much less 

susceptible to killing by antimicrobial agents and hence, treatment of biofilm associated 

infections on the basis of standardized antimicrobial susceptibility testing results is 

frequently unsuccessful 6 and removal of the implanted device or catheter is required in 

many cases 7. This leads to considerable cost, patient inconvenience, and increases the 

associated morbidity and mortality appreciably 8.  

Most of biofilm forming staphylococci are resistant to methicillin (89% of biofilm 

forming CoNS isolates and 59% of biofilm forming S. aureus isolates) 4. Glycopeptide 

antibiotics, particularly vancomycin, are regarded as the drugs of choice for treatment of 

methicillin resistant staphylococci 9. However, resistance to these agents has emerged and 
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the polymorphism, that is responsible for this decreased susceptibility, was also found to 

be associated with overproduction of biofilm 10. On the other hand, in vitro and in vivo 

studies have demonstrated the activity of fluoroquinolones against some bacterial 

biofilms and have suggested its potential in treatment of biofilm associated 

staphylococcal infections 11-18.  In the present study, we have utilized a novel in vitro 

pharmacodynamic biofilm model to compare the antimicrobial activities of clinically 

used doses of moxifloxacin and vancomycin against methicillin resistant S. aureus 

(MRSA) and methicillin resistant S. epidermidis (MRSE) biofilms. 
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5.2 METHODS 

5.2.1 Microorganisms & Antimicrobial Agents 

Methicillin-resistant S. aureus ATCC 43300 was purchased from the American 

Type Culture Collection (Manassas, VA, USA) and a Methicillin-resistant S. epidermidis 

clinical isolate SE 2905 was obtained from the Canadian Ward Surveillance Study 

(CANWARD)  and was generously provided by Dr. George G. Zhanel (University of 

Manitoba, Winnipeg, Canada). Concentrated bacterial suspensions in 10% skim milk 

were prepared, divided into 1 ml aliquots and stored in cryotubes (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA) at -80˚C until they were used in the experiments. 

Cultures were prepared according to ATCC guidelines. All cell culture media and 

supplements were purchased from Sigma-Aldrich (St. Louis, MO, USA). An inoculum of 

1-2×106 colony-forming units (CFU)/ml was used in every experiment and was prepared 

using an overnight culture grown in Tryptic Soy broth (TSB), diluted based on 0.5 

McFarland standard (Lenexa, KS, USA) which is equivalent to 1.5×108 CFU/ml.  

Vancomycin and moxifloxacin powders were purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and Thermo Fisher Scientific, Inc., (Waltham, MA, USA), 

respectively. Solutions of 86.3 mg/ml vancomycin and 16.0 mg/ml moxifloxacin were 

prepared and stored as stock solutions at -80°C. Prior to experiments, aliquots  of the 

stock solutions were thawed and diluted in cation adjusted Mueller Hinton II (MHII) 

broth. 
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5.2.2 Antimicrobial Susceptibility Testing 

The minimum inhibitory concentrations (MICs) of the antimicrobial agents were 

determined using the broth microdilution method as described by the Clinical and 

Laboratory Standards Institute (CLSI) guidelines 19. The experiments were performed in 

polystyrene, round bottom, 96-wells microplates (Greiner Bio-One North America, 

Monroe, NC, USA). Twofold serial dilutions of the antibiotics in MHII were used and the 

final bacterial inoculums in each well was 5 × 105 CFU/ml. The MIC was defined as the 

lowest concentration of the antibiotic that resulted in no visible growth after aerobic 

incubation at 37°C for 24 h. 

5.2.3 In vitro Pharmacodynamic Model 

Model Structure  

A previously described in vitro model 20 was used to compare the activities of 

therapeutic dosage regimens of vancomycin and moxifloxacin on MRSA and MRSE 

biofilms. The model consists of two conical glass vessels, known as the central 

compartment bioreactors (CCB). Each CCB provides 550 ml of operational fluid capacity 

and is covered with an autoclavable cap containing five ports (an inlet of fresh medium, 

an effluent connected to a waste vessel, coupons suspending port, antibiotic injection 

port, and sampling port). For each experiment, two bioreactors were used, one for testing 

the antimicrobial dosing regimen and the other for the control. Both bioreactors were 

contained in water bath and the temperature was maintained constant at 37˚C using a 

thermo-sensitive feedback probe (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 

for simulation of human body temperature. A magnetic stir bar was used to ensure 



 

93 

 

thorough mixing of the drug and consistent shear to the biofilm coated coupons. In order 

to stimulate the biofilm embedded cells to produce stronger slime matrix, the agitation in 

the CCB was maintained at low rate (60 RPM) during the entire experiment using a 

digitally controlled magnetic stirring plate (Thermo Fisher Scientific, Inc., Waltham, 

MA, USA).  

Biofilm Formation  

In each experiment, bacterial biofilm was developed on two sets of silicone 

coupons (LabPure Saint-Gobain Corporation, Valley Forge, PA, USA) using overnight 

TSB culture (50 ml) of 1 – 2 × 106 CFU/ml of the respective microorganism. After 

incubation for 24 h under aerobic conditions at 37˚C, each set of coupons was aseptically 

inserted into one of the bioreactors using the coupons suspending port. Establishment of 

the biofilm on silicone coupons was confirmed using scanning electron microscopy. The 

photo was captured using variable pressure JEOL scanning electron microscope 

according to the method described by van Heerden et al. 21.   

Simulation of the Pharmacokinetic Profiles 

Sterile MHII broth was continuously supplied and removed from the bioreactors 

by peristaltic pumps (Masterflex, Cole-Parmer, Vernon Hills, IL, USA) adjusted at a 

fixed rate to simulate the half-lives of vancomycin (6 h) and moxifloxacin (12 h). The 

pumps flow rates were verified by measurement of the volume recovered in the waste 

vessel. Vancomycin was administered into the bioreactor via the injection port to 

simulate a dose of 1 gm every 12 h (peak concentration (Cmax) 40 mg/L, trough 

concentration 10 mg/L, area under the concentration-time curve from time zero to 24 h 
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(AUC0–24) = 519.4 µg•h/ml) 22. Moxifloxacin was administered to simulate a dose of 400 

mg every 24 h (Cmax 2 mg/L, trough concentration 0.5 mg/L, AUC0–24 = 26 µg•h/ml) 23. 

Pharmacodynamic Analysis 

In each experiment, coupons representing the treated and the control biofilms 

were excised from the bioreactors after 0, 1.5, 3, 6, 12, and 24 h. Each coupon was placed 

in an Eppendorf tube containing 0.75 ml normal saline and the tubes were then sonicated 

for 5 min in ultrasonic water bath (Fisher Scientific, Model FS-60, frequency of 40 kHz, 

ultrasonic power of 130 W) followed by vigorous vortexing for 1 minute to dislodge and 

disperse the cells from the biofilm. 100 µl samples were then ten-fold serially diluted in 

sterile normal saline solution to minimize the antibiotic carryover effect by reducing its 

concentration to sub-MIC levels.  Finally, 50 µl samples were plated onto Mueller Hinton 

agar plates to quantify the total biofilm-embedded bacterial burden. After incubation of 

the medium plates at 37 ˚C for 24 h, the viable cell count was determined at least in 

duplicate.  

For each experiment, time-kill curves were plotted after log-transforming the 

mean viable cell count. The anti-biofilm activity was assessed based on the difference 

between log the bacterial count at the start and at the end of experiment (∆log), the area 

under the bacterial kill curve (AUBC) as well as the area between the growth curve used 

as control and the killing curve of bacteria exposed to the antibiotic (ABBC) 24. AUBCs 

were calculated by the trapezoidal rule using GraphPad Prism version 5.02 (GraphPad 

Software, San Diego, CA, USA). Analysis of Variance and Tukey’s test for multiple 

comparisons was used to compare ∆log across the different treatments using SPSS 
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version 16.0 (SPSS, Inc., Chicago, IL, USA). The results were considered significant if 

the p-value ≤ 0.05. In addition, the different pharmacokinetic/pharmacodynamic (PK/PD) 

indices, namely Cmax/MIC, %time above MIC and AUC0–24 /MIC were computed for 

each drug-microorganism combination. The MICs used in calculating these parameters 

were obtained from the susceptibility testing by the broth microdilution method since this 

is the method used in studies conducted to estimate the cut off values of antimicrobial 

PK/PD indices 25. 
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5.3 RESULTS 

5.3.1 Antimicrobial Susceptibility Testing 

Resistance of the isolates to methicillin was confirmed and the oxacillin MICs 

were 16 and 256 µg/ml against MRSA ATCC 43300 and MRSE SE 62905, respectively. 

On the other hand, both isolates were susceptible in the planktonic form to vancomycin 

and moxifloxacin and the MICs of vancomycin and moxifloxacin were 1.0 and 0.0625 

µg/ml against ATCC 43300 and 2.0 and 0.125 µg/ml against SE 62905, respectively.  

5.3.2 In vitro Pharmacodynamic Model 

The mean bacterial density retrieved from the biofilm in the control coupons was 

higher in the MRSE experiments (6.6 × 108 CFU) than the MRSA experiments (6.8 × 106 

CFU). This could be explained by the higher ability of S. epidermidis to adhere to 

hydrophobic materials 26. 

A comparison of the time kill kinetics of vancomycin and moxifloxacin as well as 

the growth curve of the control experiment for both organisms are shown in Figure 5-1. 

The killing rate was low in all experiments and vancomycin failed to produce 2 log 

reduction against either of the two organisms at any time point. Moxifloxacin treatment, 

however, resulted in 2.5 and 3.7 log reduction in the MRSA and MRSE microbial 

bioburdens, respectively, after 24 hours of the exposure. 

The antibiofilm measures; ∆log, AUBC and ABBC and the PK/PD indices for 

each drug-microorganism combination are shown in Table 5-1. At the end of the 

treatment in the MRSA experiments, there was no significant difference between 

bacterial densities change in the vancomycin and the untreated control (P value > 0.05) 
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while the reduction in the microbial bioburden in the moxifloxacin treated biofilm was 

significantly higher than both vancomycin and control (P values< 0.001, Figure 5-2 a). In 

the MRSE experiments, both vancomycin and moxifloxacin showed a significant 

reduction in the bacterial density compared with the control experiment (P values <0.001, 

Figure 5-2 b). The reduction observed with moxifloxacin was found to be greater than 

vancomycin (P value< 0.001). 
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5.4 DISCUSSION 

Bacteria in the biofilm mode of growth are phenotypically distinct from 

planktonic bacteria and are much more resistant to antimicrobial agents 6.  Standardized 

susceptibility testing techniques, such as broth microdilution and macrodilution methods, 

are performed on exponentially dividing planktonic bacteria and hence show poor 

correlation with the clinical outcome in device and catheter –related infections 27. On the 

other hand, standardized assays developed for testing the antimicrobial susceptibility of 

bacterial biofilms such as MBEC™ and MAK assays 28,29  are static techniques that test 

the antibiotics at fixed concentrations and hence do not represent the clinical setting 

where the antibiotic concentration fluctuates over time according to its pharmacokinetic 

parameters. Therefore, alternative biofilm testing methodologies that show 

reproducibility and correlation with in vivo studies should be sought.  

Our group has recently developed a novel in vitro pharmacodynamic model for 

studying the activity of antimicrobial agents against bacterial biofilms 20. The medium 

flow rate through this model can be controlled to simulate the half lives of the 

antimicrobial agents in order to mimic their clinical pharmacokinetic profiles. In addition, 

this model allows monitoring of the bacterial growth and killing kinetics over time and at 

the different antibiotic concentrations. Silicone is used in this model as the substratum for 

development of the biofilm to represent the silicone catheters which are known to be 

more prone to the adherence of microorganisms than polyvinyl or polyethylene catheters 

30. The flow of the medium through the system allows studying of the bacterial 

attachment to substrata in the presence of shear force as usually is the case in the 

intravascular environment. Unlike other models that use shedding cells from the biofilm 
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as a surrogate marker of the biofilm bacterial density, this model allows direct 

measurement of the bacterial burden via removal of the biofilm by vortexing and 

sonication prior to examination and measurement by the viable plate count procedure. In 

a recent study, the model was validated and employed to study the effect of different 

dosage regimens of ofloxacin on Pseudomonas aeruginosa biofilm 20. In the present 

study, we tested vancomycin and moxifloxacin against MRSA and MRSE biofilms. 

Moxifloxacin showed higher activity against both biofilms as shown by greater reduction 

in the bacterial count at the end of the experiment. Vancomycin lacked any activity 

against the biofilm formed by the tested strain of MRSA and neither of the two 

antibiotics was able to sterilize the biofilm formed by either of the two pathogens.  

The results of the present study are in accordance with other studies that reported 

the activity of moxifloxacin against bacterial biofilms 11-18.  In an in vitro study, 

moxifloxacin was the most efficient antibiotic against the biofilms formed by 

periodontopathogenic bacteria 16. Moxifloxacin also showed high activity against 

staphylococcal biofilm in a tissue-cage model of foreign-body infection 11 and in a rat 

model of osteomyelitis 13. This activity might be related to the high ability of 

fluoroquinolones to penetrate bacterial biofilms 4.  

It is worth emphasizing that the values of PK/PD indices such as AUC/MIC, 

Cmax/MIC and % T> MIC, achieved in this study were predictive of the moxifloxacin 

activity but have failed to predict the resistance of MRSA and MRSE biofilms to 

vancomycin. Moxifloxacin is a concentration dependent fluoroquinolone and its 

microbiologic and clinical efficacies have been shown to be correlated to AUC/MIC and 

Cmax/MIC in in vitro models, in vivo studies and human trials 31. Andes et al has 
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demonstrated that for moxifloxacin AUC/MIC ≥ 100 or Cmax/MIC ≥ 8 was associated 

with significant reduction in number of CFU/ml of MRSE and MRSA in experimental 

endocarditis models 32. In the current study, the PK/PD indices were much higher than 

these recommended cut off values for moxifloxacin and this may explain the activity it 

exhibited. However, vancomycin activity in the present study showed poor correlation 

with its AUC/MIC level. Vancomycin had no activity against MRSA biofilm despite 

achieving a higher AUC/MIC value than the recommended target level of 400 33. 

Moreover, vancomycin exhibited a better anti-biofilm activity against MRSE vs. control 

despite the lower AUC/MIC level achieved in the MRSE experiments. This suggests that 

the PK/PD indices determined using studies on planktonic bacteria do not always 

correlate to pharmacodynamics of antimicrobial agents against bacteria in the biofilm 

mode. This corroborates the findings of Blaser et al who reported that PK/PD indices 

were not predictive for therapeutic outcome in an in vitro pharmacodynamic biofilm 

studies and in vivo studies of device-related infections 34.  

The results reported in the present research suggest the relative advantage of 

moxifloxacin use over vancomycin in the infections associated with MRSA and MRSE 

biofilms. However, certain limitations should be noted. First, the in vitro model does not 

take into consideration the immune factors and so the observed antibiofilm effect may be 

smaller than what would be observed in vivo. In addition, since the experiment was 

conducted for 24 hours, we cannot conclude that the results will hold true after this time 

period. On the other hand, the in vitro model we used does not suffer from the inoculum 

dilution that is often reported in in vitro pharmacodynamic studies 35. Moreover, the 
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model can be easily adapted to accommodate different dosage regimens, antimicrobial 

pharmacokinetics as well as combination therapy. 

In conclusion, using a novel in vitro pharmacodynamic model, we demonstrated 

the activity of moxifloxacin against MRSA and MRSE biofilms. The results of this study 

support the implementation of further in vivo and clinical studies aimed at demonstrating 

the efficacy of moxifloxacin in the treatment of biofilm-associated infections and 

identifying targets linked to anti-biofilm activities.  
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Table 5-1: Pharmacodynamic parameters of vancomycin and moxifloxacin in the in vitro pharmacodynamic model 
experiments. 

Drug/Dosage 
MRSA MRSE 

∆Log AUBC ABBC AUC/MIC Cmax/MIC %T>MIC ∆Log AUBC ABBC AUC/MIC Cmax/MIC %T>MIC 

Vancomycin 

(1gm/12h) 
0.25 162.5 9.2 519.4 40 100% -1.7 177 44.4 259.7 20 100% 

Moxifloxacin 

(400mg/24h) 
-2.5 122.3 49.4 415.5 32 100% -3.7 146.8 74.6 207.8 16 100% 

AUC is the area under the concentration time curve from time zero to 24 hours (AUC0-24) expressed as µg•h/ml. 

∆Log = log CFU/coupon at 24 hours – log CFU/coupon at 0 hours. 

AUBC is the area under the bacterial kill curve from time zero to 24 hours and is compared to AUBC levels of 171.7 and 221.4 
for the MRSA and MRSE control experiments, respectively. 

ABBC is the area between the growth curve used as control and the killing curve of bacteria exposed to the antibiotic 
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Figure 5-1: Time-Kill curves of vancomycin and moxifloxacin against MRSA 
(A) and MRSE (B) 
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Figure 5-2: Comparison of the decreases in Log CFU/coupon (means) in 
MRSA (A) and MRSE (B) between the treatments at the end of the experiment.  

Error bars indicate 95% confidence intervals.  
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NONMEM Code for the Population Pharmacokinetic Model of Efavirenz 

 

;Model Desc: Final Efavirenz Model 

 

$PROB RUN# 109 

$INPUT c ID TIME NTIM DV PID rxcode FORM Cohort Strat1 SITE OCC 

Week Label Label3 TADChanged DOSE AMT EVID SS II WT HT BSA AGE GENDER 

RACE GT516 C3435T BUN BUNGrade ALB BILI BILIULN ALT ALTULN ALTGrade AST 

ASTULN ASTGrade 

$DATA DATA1REDUCED.CSV IGNORE=c 

$SUBROUTINES ADVAN2 TRANS2 

$ABBREVIATED DERIV2=NOCOMMON 

$PK 

 

FMATCL=1/(1+(AGE/THETA(4))**(-THETA(5))) 

 

FCYP=1 

IF (GT516.EQ.3) THEN 

   FCYP=THETA(6) 

ENDIF 

 

TVCL=THETA(1)*FCYP*(WT/70)**0.75*FMATCL 

 

IF (OCC.EQ.1) THEN 

   BOVCL=ETA(3) 

ENDIF 

IF (OCC.EQ.2) THEN 

   BOVCL=ETA(4) 

ENDIF 

IF (OCC.EQ.3) THEN 

   BOVCL=ETA(5) 
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ENDIF 

IF (OCC.EQ.4) THEN 

   BOVCL=ETA(6) 

ENDIF 

IF (OCC.EQ.5) THEN 

   BOVCL=ETA(7) 

ENDIF 

IF (OCC.EQ.6) THEN 

   BOVCL=ETA(8) 

ENDIF 

IF (OCC.EQ.7) THEN 

   BOVCL=ETA(9) 

ENDIF 

IF (OCC.EQ.8) THEN 

   BOVCL=ETA(10) 

ENDIF 

IF (OCC.EQ.9) THEN 

   BOVCL=ETA(11) 

ENDIF 

IF (OCC.EQ.10) THEN 

   BOVCL=ETA(12) 

ENDIF 

IF (OCC.EQ.11) THEN 

   BOVCL=ETA(13) 

ENDIF 

 

   CL=TVCL*EXP(ETA(1)+BOVCL) 

 

   TVV=THETA(2)*(WT/70) 

 

   V=TVV*EXP(ETA(2)) 
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   TVKA=THETA(3) 

   KA=TVKA;*EXP(ETA(3)) 

 

S2=V 

 

F1=1 

TVF=THETA(7)/(1+(AGE/THETA(8))**(-THETA(9))) 

Frel=TVF*EXP(ETA(14)) 

IF (FORM.GT.1) THEN 

 F1=F1*Frel 

ENDIF  

 

DELCL=CL-TVCL 

DELV=V-TVV 

 

$ERROR 

 DEL=0 

 IF (F.LE.0.0001) DEL=1 

 IPRE=F 

 W1= 1 

 W2= F 

 IRES= DV-IPRE 

 IWRE=IRES/(W1+W2) 

 Y = F + W1*ERR(1)+W2*ERR(2) 

 

$EST METHOD=1 INTERACTION PRINT=5 MAX=9999 SIG=3 MSFO=109.MSF 

NOABORT 

 

$THETA  (0,11.50000) ; [CL] 

 (0,481.0000) ; [V] 

 (0,0.854000) ; [KA] 
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 4.870000 ; [CL_TM50] 

 3.870000 ; [CL_HILL] 

 (0,0.429000) ; [FCYP]  

(0,0.7410000) ; [Fmultiplier_form] 

9 ; [F_TM50] 

1, FIX ; [F_Hill] 

 

$OMEGA   

 0.282000; IIVCL 

 0.280000;IIVV 

$OMEGA  BLOCK(1) 

 0.091800  ;     BOVCL1 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  0.282000;IIVFrel 

 

$SIGMA  0.099300  ; [A] sigma(1,1) 

0.104000  ; [P] sigma(2,2) 

 

$COV PRINT=E 

 


