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Introduction: The purpose of this thesis was to support optimizing antibiotic drug development 

by evaluating the effect of protein binding (PB) on 1) the in vitro activity of highly bound agents 

and 2) on the soft tissue penetration, as well as, 3) establishment of a general PK/PD model to 

characterize the activity of oxazolidinones against methicillin-resistant Staphylococcus aureus 

(MRSA). 

Methods: 1) Using in vitro microdialysis (MD), free ceftriaxone (CRO) and ertapenem (ERT) 

concentrations were determined in growth medium with and without bovine/human serum 

albumin (BSA/HSA), in adult bovine serum (ABS) and in human plasma (HP).  Corresponding 

antimicrobial activity was determined in minimum inhibitory concentration (MIC) and time-kill 

curve experiments against E. coli ATCC25922 and S. pneum. ATCC6303.  A modified Emax-

model was fitted to the data and respective EC50s compared.  2) Blood and MD samples from the 

interstitial space fluid (ISF) of thigh muscle and subcutaneous adipose tissue were obtained from 

6 healthy volunteers following a 30min infusion of 1g ERT for up to 12 hours.  3) A two-

subpopulation model was simultaneously fitted to the static, as well as, dynamic time-kill curve 

data of RWJ-416457 and linezolid against MRSA OC2878 and EC50s compared. 
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Results: 1) For CRO, PB differed between HP (76.8±11.0%) and commercially available BSA 

(20.2±8.3%) or HSA (56.9±16.6%).  Similar results were obtained for ERT (HP: 73.8±11.6%, 

BSA: 12.4±4.8%, HSA: 17.8±11.5%).  MICs and EC50s of both strains were increased for CRO 

when comparing HSA and BSA, whereas EC50s were not different for ERT.  2) Free 

concentrations in the ISF of thigh muscle and subcutaneous adipose tissue were consistent with 

free concentrations in plasma but much lower than those in total plasma.  3) A two-

subpopulation model was appropriate to describe the data resulting in a lower EC50 of RWJ-

416457 (0.41μg/mL) compared to that of linezolid (1.39μg/mL). 

Conclusion: Free, unbound concentrations are responsible for antimicrobial efficacy, as well as, 

tissue distribution and can be measured by microdialysis.  Once determined, free concentrations 

can be linked to the corresponding PD parameters in an appropriate PK/PD model in order to 

predict clinical outcome.  PK/PD modeling and simulation is, consequently, a valuable tool for 

dose selection. 
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CHAPTER 1 
INTRODUCTION 

An infection is defined as the growth of a parasitic organism (e.g. bacteria, fungi, etc.) 

within the body of a host.  The goal of an anti-infective therapy is to eradicate the infecting 

organism (pathogen) from the host.  Generally, this removal process primarily includes the use of 

anti-infective drugs.  Ideally, these drugs eliminate the pathogen without causing toxic side 

effects or inducing resistance against the anti-infective agent in the pathogen.  The selection of 

an appropriate antimicrobial agent and/or dosing regimen is hereby crucial for success of the 

therapy and can be governed by pharmacokinetic (PK) and pharmacodynamic (PD) principles. 

Hypothesis: Insufficient free, unbound antibiotic concentrations at the site of infection 

result in therapeutic failure and can, subsequently, lead to the emergence of resistance. Proper 

selection of an appropriate antibiotic dosing regimen is, therefore, critically important and can be 

supported by pharmacokinetic/pharmacodynamic (PK/PD) modeling and simulation approaches. 

The selection of appropriate antimicrobial agents does not start at the bedside but way 

early in drug development by evaluating the antimicrobial spectrum of new antibiotic candidates 

in the laboratory.  This is usually done by determining the minimum inhibitory concentration 

(MIC) against a variety of Gram-positive, Gram-negative and atypical pathogens.  The MIC is 

defined as the lowest concentration that completely inhibits visible growth of the organism, as 

detected by the unaided eye after overnight incubation at 35oC with a standard inoculum of 

approximately 5x105-106 colony forming units per milliliter (CFU/mL) (228).  Although 

routinely employed, the MIC is a static, mono-dimensional threshold value that does not allow to 

account for changes of antibiotic concentrations over time or prediction of antimicrobial activity 

at concentrations apart from the MIC itself (148, 216, 231).  More detailed information can be 

obtained from evaluation of the antimicrobial activity over time (time-kill curves). 
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In order to facilitate the transition between identification of antibiotic candidates and later, 

clinical stages of drug development, employed in vitro systems should be as predictive as 

possible of clinical outcome.  One approach is to reproduce similar conditions in vitro as 

encountered in vivo.  For example, addition of protein supplements to the in vitro MIC or time-

kill curve test systems is intended to mimic plasma protein binding.  However, the experimental 

procedure for the determination of protein binding has not been internationally standardized yet 

and the use of different supplements might yield different outcomes. 

The first specific goal of this thesis work is the evaluation of the antimicrobial activity of 

two beta-lactams with reportedly high plasma protein binding, ceftriaxone (83-96%) (244, 245, 

277) and ertapenem (84-96%) (34), in the presence of various protein supplements. 

Binding to plasma proteins does not only reduce the antimicrobial activity but also restricts 

the distribution of antibiotics into tissues.  Since most infections are located in the tissues rather 

than the blood stream, sufficient penetration into the tissue is essential for an antibiotic to be 

clinical effective and, subsequently, to avoid the emergence of resistance (251).  The traditional 

approach of linking plasma drug concentrations to observed effects is, consequently, unreliable 

(185, 251).  A more rational approach would be to determine free, active drug concentrations at 

the site of infection.  Microdialysis (MD) is currently the most appropriate sampling technique 

that can provide this information and has been frequently employed in PK studies determining 

the tissue concentrations of antibiotics (44, 112, 120).  In this sampling technique, a small, semi-

permeable membrane (MD probe) is placed into the ISF of the tissue of interest. The MD probe 

is perfused with a physiological solution (e.g. Lactated Ringer’s) at a constant flow-rate of 1-

5μL/min and at specified time intervals protein-free compound is collected for analysis (28, 228). 



 

21 

The second specific goal of this thesis work is to determine the distribution of ertapenem 

into muscle- and subcutaneous adipose fat tissue of 6 healthy subjects following a single 30min 

infusion of 1g ertapenem using microdialysis. 

At this point it is important to realize that in isolation, PK and PD information is of limited 

usefulness.  Only the link of PK and PD allows to sufficiently characterizing and predicting the 

drug-effect relationship.  For antibiotics, a combination of the MIC and free (ƒ), unbound PK 

parameters to MIC-based PK/PD indices is frequently used to define clinically relevant efficacy 

breakpoints.  To date, three main PK/PD indices are employed and have led to a much better 

understanding of antibiotic dosing: 1) the time free antibiotic concentrations remains above the 

MIC (ƒT>MIC), free area under the concentration-time curve over MIC ratio (ƒAUC/MIC) and 

free maximum plasma concentration over MIC ratio (ƒCmax/MIC) (229).  Yet, the previously 

described drawbacks of MIC (static, highly variable, etc.) (231), limit the reliability of the MIC-

based PK/PD indices as well.  To overcome these limitations, the use of other PD approaches has 

been suggested.  One of these approaches is the continuous measurement of the antibiotic 

concentration-effect relationship over time (time-kill curves) (11, 198, 258).  Once performed, a 

mathematical model can be simultaneously fit to the data and outcome parameters, such as the 

EC50 (concentrations necessary to produce 50% of the maximum effect) can be used to 

characterize the potency of antibiotics.  Although the description of these time-kill curves is 

mathematically somewhat more complex, their capability of describing concentration-effect 

relationships over time allow the evaluation of sub-MIC, as well as, fluctuating concentrations 

on bacterial growth and kill.  Once a mathematical model is established, it can be applied to the 

time-kill curve data of other drugs with the same mechanism of action and respective PD 

outcomes can be compared.  In addition, the link of determined PD parameters to PK data of 
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different doses or dosing regimens allows predicting corresponding clinical outcomes.  Modeling 

and simulation approaches are, consequently, very valuable for dose selection and have been 

recommended by the Food and Drug Administration (FDA) as tools to streamline the drug 

development process (84). 

The third specific goal of this thesis work is, therefore, to qualitatively and quantitatively 

compare the antimicrobial activity of RWJ-416457 to that of the first-in-class representative 

linezolid.  For qualitative comparison, MIC and constant, as well as changing concentration 

time-kill curve experiments of linezolid and RWJ-416457 against MRSA OC2878 will be 

performed.  For quantitative comparison, a general PK/PD model will be established, validated 

and simultaneously fitted to the time-kill curve data and respective EC50 values compared.
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CHAPTER 2 
THE EFFECT OF PROTEIN BINDING ON THE PHARMACOLOGICAL ACTIVITY OF 

HIGHLY BOUND ANTIBIOTICS1 

Introduction 

Most drugs bind to proteins or other biological materials such as albumin, α1-acid 

glycoprotein, lipoproteins, α-, β- and γ globulins and erythrocytes.  Thus, free, unbound drug 

concentration in plasma decreases as the degree of binding to these compounds increases.  It is a 

well recognized fact that, at least for small molecules, only free, unbound drug distributes into 

the extravascular space and is responsible for pharmacological activity and/or side effects (200, 

224, 280).  For antibiotics in particular, reduced free, active drug concentrations as a result of 

protein binding reflect in decreased antimicrobial activity (200).  In theory, this effect is most 

pronounced for antibiotics with extensive protein binding.  To date, most studies evaluating the 

effect of protein binding on the potency of an antibiotic against a certain pathogen determine 

changes in the respective minimum inhibitory concentration (MIC) (200).  Whereas both 

bacterial growth and kill are dynamic processes, the MIC is a static, highly variable threshold 

value, incapable of predicting antibiotic activity at concentrations apart from the MIC (183, 229).  

In comparison, evaluation of growth and antibiotic-induced kill profiles over time (time-kill 

curves) provides more detailed information than the MIC.  Once experimentally determined, 

time-kill curves can be characterized by simultaneous fit of appropriate mathematical models and 

quantitatively compared by respective outcome parameters, such as the EC50 (229).  Time-kill 

curves have, consequently, been suggested as an experimental method for the evaluation of 

protein binding effects on the antimicrobial activity (231, 280).  In order to account for protein 

binding in these experiments, bacterial media are spiked with either human serum or protein 

                                                 
1 Copyright © American Society for Microbiology, [Antimicrob Agents Chemother. 52: 3994-4000, 2008] 
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supplements.  When supplementing with human serum, its actual content frequently has to be 

limited to ≤ 50% since it may inhibit bacterial growth or modify the antibacterial activity (140, 

144, 200).  On the other hand, when supplementing with proteins, usually human serum albumin 

(HSA) or comparatively less expensive animal albumins (20, 101, 111) are employed, as HSA is 

the main natural binding component of antibiotics (142, 218, 247, 262, 280).  Nevertheless, the 

actual free, unbound antibiotic concentration after either HS or protein supplementation is rarely 

determined.  Instead, literature or protein binding values determined in vitro are frequently 

employed to estimate free, unbound concentrations (36, 141). 

The goal of the present study was to evaluate this approach by linking measured free, 

unbound concentrations of the two highly-bound β-lactams ceftriaxone (83-96%) (244, 245, 277) 

and ertapenem (84-96%) (34) to their respective antimicrobial activity against Gram-positive 

Streptococcus pneumoniae (S. pneum.) ATCC6303 and Gram-negative Escherichia coli (E. coli.) 

ATCC25922. 

Material and Methods 

Organisms 

E. coli ATCC25922 and penicillin-sensitive S. pneum. ATCC6303 were obtained from the 

Clinical Microbiology Laboratory at Shands Hospital at the University of Florida, USA. E. coli 

and S. pneum. were grown in a CO2 incubator (Barnstead-Thermolyne, Melrose Park, IL, USA) 

in Mueller-Hinton broth (MHB) or Todd-Hewitt broth (THB) plus 5% CO2, respectively.  To 

ensure purity of the bacterial strains, they were subcultured at least three times before either 

usage or freezing of the stock cultures.  The bacterial inoculum was prepared from colonies 

incubated overnight on 5% sheep blood agar plates (Remel Microbiology Products, Lenexa, KS, 

USA).  The microorganisms were suspended in sterile saline solution 0.9% to a concentration 

equivalent to a 0.5 value in the McFarland scale (Remel Microbiology Products, Lenexa, KS, 
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USA) with a turbidimeter (A-JUSTTM, Abbott Laboratories, North Chicago, IL, USA).  This 

value on the McFarland scale of 0.5 is equivalent to a number of 1x108 viable colony forming 

units per milliliter (CFU/mL).  Further dilution steps to reach a final working inoculum of 

approximately 5x105 CFU/mL were performed in broth. 

Antibiotics and Growth Media 

Ceftriaxone disodium was purchased from Sigma-Aldrich (St. Louis, MO, USA) and 

ertapenem sodium was obtained from Merck & Co., Inc. (Whitehouse Station, NJ, USA).  

Antibiotics were prepared and stored according to the manufacturer’s recommendations.  MHB 

(Becton Dickinson, Franklin Lakes, NJ, USA) and THB (Difco, Detroit, MI, USA) were used as 

liquid growth media.  MHB and THB were both prepared according to the manufacturer’s 

instructions and autoclaved prior to use at 121oC (15 min per 1L). Broth media were 

supplemented with either 40g/L BSA (Sigma-Aldrich, St. Louis, MO, USA, Cat. No. A3059, 

Lot. No. 036K0735) or 40g/L HSA (Calbiochem®, La Jolla, CA, USA, Cat. No. 12666, Lot No. 

B75308-01), filtered through 0.2μm filters (Millipore, Billerica, MA, USA) and the pH adjusted 

to 7.4. 

HPLC Analysis 

Instrumentation 

The HPLC-system for both ceftriaxone and ertapenem consisted of Agilent 1100 Series 

(Agilent Technologies, Waldbronn, Germany): a model G1313 autosampler, a model G1311 

quaternary pump and G1315 DAD UV detector, an Agilent Chemstation for LC systems and a 

LiChrospher® 100 Reversed Phase 18 (RP-18, 5µm particle size) analytical column (Merck 

KGaA, Darmstadt, Germany). 
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Chromatographic conditions 

Ceftriaxone: The ion-pair chromatography assay procedure was adapted from Kovar et 

al..(133) Reversed phase high-performance liquid chromatography (RP-HPLC) was performed at 

room temperature at a flow-rate of 1.0mL/min.  The mobile phase consisted of a mixture of 

buffer (7.5mM KH2PO4; J.T. Baker Chemical Co., Phillipsburg, N.Y., USA) and acetonitrile 

(56:44, v/v) with 5mM hexadecyltrimethylammonium bromide (HDTA; Sigma-Aldrich, St. 

Louis, MO, USA) as the ion-pair reagent.  The final pH of the mobile phase was adjusted to 8.8. 

25μL of ceftriaxone were injected and detected at 280nm. The run time was set to 16 minutes. 

Ertapenem: The chromatography procedure was adapted from Gordien et al. (98).  The 

mobile phase consisted of 10mM phosphate buffer adjusted to pH 6.5 with concentrated 

orthophosphoric acid and mixed with acetonitrile.  A gradient was run at a flow-rate of 1mL/min.  

40μL of ertapenem were injected and detected at 305nm.  The run time was set to 14 minutes. 

Protein Binding 

Free, protein-unbound ceftriaxone and ertapenem concentrations were determined in in 

vitro dose-ranging (20, 40, 80, 160 and 320μg/mL) extraction efficiency (EE) microdialysis 

experiments.  Briefly, blank Lactated Ringer (LR; Baxter Health Care, Deerfield, IL, USA) 

solution is pumped through a flexible CMA 60 microdialysis probe (CMA Microdialysis AB, 

Solna, Sweden) at a constant flow rate of 2.0μL/min.  The relative recovery (RR) of the 

microdialysis probes were determined in LR only and calculated according to equation 2-1, 

sample

dialysate

C(LR)
C(LR)

RR =  (2-1) 

where C(LR)dialysate is the free concentration recovered from the microdialysis probe and 

C(LR)sample the concentration in the test tube. 
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Once RR was determined, free, unbound ceftriaxone and ertapenem concentrations were 

determined in triplicate at 37oC in THB, THB with BSA, THB with HSA and pooled adult 

bovine serum (ABS; HyClone®, Logan, Utah, USA) or pooled human plasma (HP; Shands 

Hospital at the University of Florida, Gainesville, USA), respectively.  It was previously reported 

that serum binding properties can be altered by heat treatment (269).  Therefore, untreated 

pooled HP was used for the in vitro protein binding experiments. 

Protein binding (%) of the respective samples can then be calculated according to equation 

2-2, 

total

dialysate

C(sample)RR
C(sample)

1PB(%)
×

−=  (2-2) 

where C(sample)dialysate is the concentration in the protein-free dialysate and C(sample)total 

is the mean concentration of the samples that were collected directly out of the test tube at the 

beginning and the end of the 30min sampling period.  Collected samples were analyzed by the 

RP-HPLC methods described above. 

Protein binding differences within the treatment groups were evaluated using analysis of 

variance (ANOVA) followed by least square means to test for pair-wise differences.  All 

statistical analysis was performed in SAS 9.1.3 (SAS Institute Inc., Cary, USA). A P-value <0.05 

was considered statistically significant. 

Pharmacodynamics 

MIC 

MICs of E. coli ATCC25922 and S. pneum. ATCC6303 against ceftriaxone and ertapenem 

were determined six times according to the CSLI guidelines both in presence and absence of 

BSA and HSA using a serial dilution two-fold Macro Broth Dilution method (258). 
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Time-kill curves 

In vitro 6 hour constant concentration time-kill curves were performed in triplicate for both 

ceftriaxone and ertapenem against the test strains in the presence and absence of BSA and HSA, 

respectively (258).  Eight 50mL cell culture flasks (NuncTM, Nunc A/S, Roskilde, Denmark) 

were filled with 20mL of bateria-containing growth medium and incubated for two hours before 

adding the antibiotic.  The selection of respective ceftriaxone or ertapenem concentrations (Table 

3-1) was based on their determined MIC values and covered the entire antimicrobial spectrum, 

including minimum inhibition of bacterial growth (0.25, 0.5, and 1 times MIC), efficient 

bacterial killing (2 and 4 times MIC) and maximum bacterial killing (8 and 16 times MIC).  

Samples were taken at 0, 0.5, 1, 1.5, 2, 3, 4, 5 and 6 hours.  Bacterial counts were determined, 

using an adapted droplet-plate method (258).  A control experiment with bacteria and no drug 

was run simultaneously.  After incubation at 37oC for 20-24hours, viable counts were determined 

on all readable plates. 

Mathematical Modeling 

A modified susceptibility-based two-compartment model was simultaneously fit to the 

time-kill curve data of with and without BSA and HSA, respectively (198, 258).  In this model, 

the overall change in the experimentally determined total number of bacteria was defined as the 

sum of self-replicating, antibiotic-sensitive cells and metabolically inactive, insusceptible 

persister cells (10).  While bacterial growth could be sufficiently described by the growth-rate 

constant ks (h-1), antibiotic-induced kill was characterized by the maximum kill-rate constant kmax 

(h-1), the antibiotic concentration C (μg/mL) and the concentration at half-maximum effect EC50 

(μg/mL).  The final shape of the curve fit could be optimized by a Hill or shape factor h. 

In order to compare the respective EC50 values in the presence or absence of BSA or HSA, 

ks, kmax and h values were fitted across all treatment groups for each antibiotic and strain.  Initial 
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parameter estimates for ks, kmax and h were obtained from individual curve fits and compared for 

differences.  Since no differences in parameter estimates were observed (data not shown), 

arithmetic means were used as the initial estimates for the simultaneous curve fits across the 

treatment groups. 

After simultaneously fitting the susceptibility-based sigmoidal Emax-model to the 

experimental time-kill curve data with the non-linear least-square regression software Scientist® 

3.0 (Micromath, Salt Lake City, UT, USA), models were characterized by Model Selection 

Criteria (MSC) and graphs visually inspected for quality of fit.  EC50 comparisons were done 

using ANOVA, followed by least square means.  A P-value <0.05 was considered statistically 

significant. 

Results 

Protein Binding 

As shown in Figure 2-1, mean protein binding (±SD) values of both ceftriaxone 

(76.8±11.0%) and ertapenem (73.8±11.6%) were higher in pooled HP than those in THB with 

and without BSA or HSA, as well as, pooled ABS, respectively (P<0.05).  For ceftriaxone, 

protein binding was significantly lower in commercially available BSA (20.2±8.3%) and HSA 

(56.9±16.6%), as well as, pooled ABS (30.7±6.2%).  Similar lower protein binding values were 

also observed for ertapenem (BSA: 12.4±4.8%, HSA: 17.8±11.5%, pooled ABS: 38.3±9.8%). 

Pharmacodynamics 

MIC 

Determined MIC values (presented as modes) are shown in Table 2-1.  No differences in 

MIC values were found for ertapenem against S. pneum. both in the presence and absence of 

BSA and HSA, respectively.  However, in the presence of HSA (vs. no albumin), MICs were 

increased for ceftriaxone against E. coli and S. pneum., as well as, for ertapenem against E. coli..  
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In comparison, when supplementing with BSA (vs. no albumin), no change in MICs was 

detected for ceftriaxone against E. coli and ertapenem against E. coli, whereas values were 

increased for ceftriaxone against S. pneum.. 

Time-kill curves 

Qualitative evaluation of the time-kill curves showed that, in comparison to albumin-free 

medium, there are no differences in growth of both E. coli and S. pneum. in the presence of BSA 

and HSA (Figure 2-2), respectively.  However, further evaluation showed differences in anti-

microbial activity when comparing samples with and without albumin supplementation.  These 

differences were most apparent at concentrations of 8 times MIC (with respect to albumin-free 

medium).  While the maximum kill effect was not reached at 8xMIC for ceftriaxone when HSA 

was added, these concentrations were sufficient for ertapenem and ceftriaxone in the presence of 

BSA as well as for ertapenem supplementing with HSA. 

Mathematical Modeling 

Simultaneous curve fits of ceftriaxone and ertapenem against E. coli and S. pneum. with 

and without BSA or HSA are shown in Figure 2-3 and 2-4.  The corresponding model 

parameters for ceftriaxone and ertapenem against both strains in the presence and absence of 

BSA and HSA are listed in Table 2-1.  For ceftriaxone, calculated EC50 values for both strains 

were higher in the presence of HSA than those with BSA (P<0.05) or without albumin (P<0.05), 

respectively.  The difference remained significant after adjusting for multiple comparisons.  In 

contrast, no differences in EC50 values were determined for ertapenem against both strains when 

it was supplemented with HSA compared to no albumin and BSA. 

Discussion 

The clinical significance of protein binding on antimicrobial activity continues to be 

controversial due to conflicting reports from in vitro MIC and/or time-kill curve experiments 
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(232).  In these experiments, bacterial media are spiked with either serum or protein supplements 

in order to produce and modify protein binding.  However, whether the degree of drug binding in 

these in vitro test systems is representative of the respective physiological conditions is often 

unclear since free, unbound concentrations are frequently not experimentally determined.  

Instead, reported literature values are commonly used to correct total concentrations for protein 

binding (36, 141).  The results of our study, however, clearly show that this approach can be 

extremely misleading. 

In this study, MICs and constant concentration time-kill curves of two beta-lactams with 

reportedly high protein binding, ceftriaxone (83-96%) (244, 245, 277) and ertapenem (84-96%) 

(34), were determined in the presence and absence of BSA and HSA (40g/L), respectively, and 

outcomes compared.  Results indicate that the antimicrobial activity of both ceftriaxone and 

ertapenem was decreased against both test strains, except for ertapenem against S. pneum., in the 

presence of HSA.  However, MICs remained unchanged, except for ceftriaxone against S. 

pneum., in the presence of BSA.  In theory, these differences in pharmacodynamic outcome 

could be explained by albumin-induced effects on growth- and maximum kill-rates, as well as, 

changes in potency (EC50) (188, 200, 231).  The evaluation of bacterial growth is, thereby, of 

particular importance since only dividing cells are susceptible to beta-lactams (200).  However, 

evaluation of the respective growth controls over time revealed that there were no significant 

differences in growth-rates of both test strains in the presence or absence of BSA and HSA, 

respectively (Figure 2-2). 

Once antibiotic is added, antimicrobial agents kill bacteria more rapidly as concentrations 

increase.(211)  Yet, at concentrations of 2-4 times the MIC, the respective response varies (211).  

For beta-lactams, the maximum kill effect is already observed.  At this point, a further increase 
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in antibiotic concentrations does not result in increased killing and the kill rate remains constant.  

The findings of our study are in agreement with these concepts.  However, results further 

revealed that ceftriaxone concentrations of 8 times MIC (with respect to no albumin) are not high 

enough to reach kmax when HSA is added, but are sufficient when BSA is present (Figure 2-2).  

When further increasing concentrations to 16-32 times MIC, the maximum kill effect was 

reached and no albumin-related effects on kmax were determined.  In contrast, saturation in kill 

was achieved for ceftriaxone and ertapenem in the presence of BSA as well as for ertapenem 

when adding HSA at 8xMIC. 

Nevertheless, substantial differences in mean EC50s were determined for ceftriaxone, 

whereas, no significant differences in mean EC50s were determined for ertapenem in the presence 

of HSA.  In comparison, no differences in mean EC50 values were determined for both strains 

and antibiotics when it was supplemented with BSA.  At this point, it is important to realize that 

in isolation, the results of the MIC and time-kill curves lead to ambiguous conclusions about the 

impact of protein binding on the antimicrobial activity.  While a two-fold increase in MIC was 

observed for both ceftriaxone against S. pneum. in the presence of BSA and ertapenem against E. 

coli in the presence of HSA, no significant differences in EC50s were determined in the 

respective time-kill curve experiments.  These differences in pharmacological outcome (MIC vs. 

EC50) are frequently attributed to the immanent high variability of the employed Macro-broth 

dilution (two-fold) method (188, 229).  Nevertheless, the fact that there are tremendous 

differences in both MICs and EC50s between ceftriaxone and ertapenem against both strains 

cannot simply be explained by variability or calculated free concentrations, since both antibiotics 

have very similar reported protein binding (ceftriaxone: 83-96%, ertapenem: 84-96%) values 

(34, 244, 245, 277).  However, the major assumption that the reported in vivo protein binding 
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values reflect also the binding conditions in the in vitro system is rarely validated by 

experimentally measuring free, unbound concentrations. 

Different methods, such as, equilibrium dialysis, ultrafiltration, microdialysis, etc. have 

been used for the determination of protein binding and have shown comparable outcomes (12, 

103).  In our study free, unbound concentrations were measured by in vitro microdialysis and 

respective protein binding values were calculated (Figure 2-1).  Results indicate that the 

observed differences in antimicrobial activity of ceftriaxone and ertapenem can be explained by 

differences in their in vitro binding to the respective albumin supplements.  While ceftriaxone is 

extensively bound to the tested HSA, it shows only little binding to BSA, and ertapenem hardly 

binds to either one.  The findings of our in vitro microdialysis study are in agreement with those 

from Nix et al., where the binding of ertapenem to purified albumins was determined by 

ultrafiltration (200).  Findings of both studies concurrently indicate that the in vitro binding to 

albumin supplements was substantially lower than previously reported literature protein binding 

values.  Results of the ultrafiltration experiment further showed that the binding of ertapenem to 

various albumin supplements was greatly dependent on the albumin preparations used and 

differed substantially between suppliers (200).  These observations may be explained by the lack 

of fatty acids in the albumin supplements (246) and/or the use of rigorous conditions, such as, 

heat treatment or organic solvents during the purification process that can result in 

conformational changes in the respective albumin binding sites and, subsequently, reduced 

protein binding values (200).  On the other hand, the significantly lower binding to pooled ABS, 

compared to pooled HP, indicates that for both antibiotics differences in binding capacities 

between species may play a role.  For ceftriaxone, similar protein binding values have been 

previously determined in human, rat, baboon and rabbit plasma, whereas substantially lower 
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binding values were measured in dog plasma (212).  This article by Popick et al. further revealed 

that the initially high protein binding of ceftriaxone (90-95%) at concentrations <100μg/mL is 

considerably decreased to approximately 60% at higher concentrations (>400μg/mL) (212).  In 

our study, mean protein binding values (ceftriaxone: 76.8±11.0%) were determined at 

concentrations ranging from 20-320μg/mL and are in agreement with the previously reported 

range. 

At this point, it also should be mentioned that there are other factors that may provide an 

explanation for the differences in reported outcomes that range from no protein binding effects 

(88, 141), delay in the onset of activity (36, 41), to only free, unbound drug being responsible for 

the antimicrobial activity (177, 200, 224, 261, 279, 280).  For example, it has been shown that 

the bacterial density or the state of nutrition are crucial parameters and usually differ in MIC and 

time-kill curve studies from the physiological conditions.  While a lack of nutrition and low 

bacterial numbers hinder the experimental conduct, very high initial inoculum sizes seem to alter 

the susceptibility towards antimicrobial agents and might mask protein binding effects (169).  It 

would, therefore, be important to internationally standardize the methodology of protein binding 

studies in order to minimize the experimental bias. 

In conclusion, the results of the constant and changing concentration experiments clearly 

show that protein binding reduces the in vitro antimicrobial activity.  The study results further 

demonstrate that binding to commercially available protein supplements can substantially differ 

from that of serum or plasma and greatly depends on the supplement used.  Correcting total 

concentrations for reported literature binding values is, consequently, unreliable.  Instead, free, 

active antibiotic concentrations should be experimentally measured in the actual test system.  In 

vitro microdialysis is a convenient sampling tool for this purpose.  In addition, an international 
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standardization of the respective test systems might help prevent further misinterpretation of the 

impact of protein binding on the antimicrobial activity. 
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Table 2-1. Determined MIC values (presented as modes) and simultaneously fitted model 
parameters (±SD) of ceftriaxone and ertapenem against E. coli and S. pneum. in the 
presence and absence of bovine serum albumin (BSA) and human serum albumin (HSA), 
respectively. 

Parameter 
(unit) 

Ceftriaxone 
vs. E. coli ATCC 25922 vs. S. pneum. ATCC 6303 
w/out 
albumin 

w/ 
BSAa 

w/ 
HSAa 

w/out 
albumin 

w/ 
BSAa 

w/ 
HSAa 

MIC 
(μg/mL) 0.064 0.064 2.0 0.01 0.02 0.16

ks 
(h-1) 

2.40
(±0.34)

1.56
(±0.08)

kmax 
(h-1) 

6.34
(±0.13)

3.59
(±0.11)

EC50 (±SD) 
(μg/mL) 

0.027h 
(±0.0007) 

0.057h

(±0.007)
1.096c,b

(±0.00272)
0.004h

(±0.0004)
0.015h 

(±0.0099) 
0.084c,b

(±0.0147)
h 
 

1.61
(±0.10)

2.18
(±0.14)

MSC 

 4.24 4.04
a At a protein concentration of 40g/L.  Significant differences (P ≤ 0.05) from the value for cthe 
control (protein-free), bthe sample with BSA and hthe sample with HSA. 
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Table 2-1. Continued 

Parameter (unit) 

Ertapenem 
vs. E. coli ATCC 25922 vs. S. pneum. ATCC 6303 
w/out 
albumin 

w/ 
BSAa 

w/ 
HSAa 

w/out 
albumin 

w/ 
BSAa 

w/ 
HSAa 

MIC 
(μg/mL) 0.015 0.015 0.03 0.025 0.025 0.025

ks 
(h-1) 

2.76
(±0.89)

2.28 
(±0.13)

kmax 
(h-1) 

6.02
(±1.00)

3.28 
(±0.11)

EC50 (±SD) 
(μg/mL) 

0.010 
(±0.0035) 

0.020
(±0.0029)

0.014
(±0.0046)

0.010
(±0.0019)

0.010 
(±0.0015) 

0.019
(±0.0101)

h 
 

2.54
(±0.14)

2.65 
(±0.25)

MSC 

 4.71 2.67
a At a protein concentration of 40g/L.  Significant differences (P ≤ 0.05) from the value for cthe 
control (protein-free), bthe sample with BSA and hthe sample with HSA. 
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Figure 2-1. In vitro protein binding of ceftriaxone and ertapenem.  In vitro mean protein binding 

(%) of ceftriaxone (white) and ertapenem (gray) in Todd-Hewitt broth (THB), THB 
with bovine serum albumina (BSA), THB with human serum albumina (HSA), pooled 
adult bovine serum (ABS) and pooled human plasma (HP), respectively 

aAt a protein concentration of 40g/L 
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Figure 2-2. Effect of bovine (BSA) and human serum albumin (HSA) on bacterial growth and 
antibiotic-induced kill.  The maximum kill-rate was determined at 8 times MIC 
(8xMIC, with respect to albumin-free medium) for ceftriaxone and ertapenem against 
E. coli and S. pneum., respectively. (Symbols: without albumin (○), with BSA ( ), 
with HSA (▼)) 
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Figure 2-3. Simultaneous curve fits for ceftriaxone against E. coli and S. pneum. in the presence 
and absence of bovine serum albumin (BSA) and human serum albumin (HSA).  At 
concentrations of 0.25xMIC ( ), 0.5xMIC ( ), 1xMIC ( ), 
2xMIC ( ), 4xMIC ( ), 8xMIC ( ), 16xMIC ( ) plus 
growth controls ( ). Symbols represent the experimental data; solid lines 
represent the simultaneous curve fits based on the PK/PD model. 
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Figure 2-4. Simultaneous curve fits for ertapenem against E. coli and S. pneum. in the presence 
and absence of bovine serum albumin (BSA) and human serum albumin (HSA).  At 
concentrations of 0.25xMIC ( ), 0.5xMIC ( ), 1xMIC ( ), 
2xMIC ( ), 4xMIC ( ), 8xMIC ( ), 16xMIC ( ) plus a 
growth control ( ).Symbols represent the experimental data; solid lines 
represent the simultaneous curve fits based on the PK/PD model. 
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CHAPTER 3 
CLINICAL MICRODIALYSIS IN SKIN AND SOFT TISSUES: AN UPDATE2 

Introduction 

Historically, pharmacokinetic/pharmacodynamic (PK/PD) approaches link plasma drug 

concentrations to observed effects.  However, most PD effects are mediated by interaction with 

enzyme, transporter or receptor systems that are located in the tissues (28, 44).  Consequently, 

linkage of PD effects to tissue drug concentrations at the site of action is a more accurate 

approach to characterize exposure-effect relationships (44).  Closer evaluation of concentration-

effect relationships have shown that only free, unbound drug at the target site is responsible for 

PD efficacy (13, 59).  Therefore, continuous sampling of free drug in the tissues is the most 

rational approach to estimate active drug profiles at the site of action.  MD is currently the most 

appropriate sampling technique that can provide this information (44, 120). 

The MD principle was first employed in the early 1960s in order to sample free amino 

acids and other electrolytes in the extracellular fluid of animal brains (16).  Further technical 

advancement resulted in the development of the “dialytrode” in 1972, the first simple version of 

today’s MD probe (66).  In 1974, Ungerstedt and Pycock discussed the use of “hollow fibers” as 

a superior in vivo sampling technique (260).  Steady improvement of both MD catheters and 

methodology allowed not only measurement of neurotransmitters and metabolites in animals, but 

also application in humans (107).  In early clinical trials, glucose levels were determined in 

subcutaneous adipose tissue (18, 63, 117).  The approval of MD catheters for use in humans by 

the US Food and Drug Administration (FDA) and the European Union Conformite Europeene 

(CE) has opened the door to further studies in virtually every human tissue, including muscle, 

skin, lung, myocardium, brain, and even tumors (44).  Consequently, in recent years, 

                                                 
2 Copyright © American College of Clinical Pharmacology, [J Clin Pharmacol 48: 351-64, 2008] 
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considerable experience has been gained in clinical studies of both healthy volunteers and 

patients, resulting in more than 2,000 publications as of today. 

Rationale for this Review 

In 2004, the Food and Drug Administration (FDA) issued its Critical Path Document, 

“Innovation and Stagnation? Challenge and Opportunity on the Critical Path to New Medical 

Products” (84).  In this report, the FDA critically evaluates reasons for the recent decline of drug 

launches onto the market despite the increased investment of time and resources.  One of the key 

issues identified in this document is the lack of sufficient safety and efficacy measures for new 

drugs and drug formulations (84).  In the FDA’s view, a new product development toolkit 

containing powerful new scientific and technical methods (i.e. animal or computer-based 

predictive models, biomarker for safety and effectiveness, and new clinical evaluation 

techniques) is urgently needed (84). 

Recently, the FDA published a list of ‘Critical Path Opportunities.’ (81) MD is one of 

these new clinically applicable evaluation techniques that is specifically mentioned in this list.  

Its capability of determining free, active local drug concentrations qualifies it for site-specific 

safety and efficacy assessment.  This has become of particular interest to industry and regulatory 

authorities for the evaluation of bioavailability (BA) and bioequivalence (BE) of topically 

applied drug formulations, especially of dermatological products (81, 82, 85).  For systemic 

drugs, usually the serum concentrations are used in BA and BE studies.  However, based on the 

respective definitions of BA and BE, measurements of exposure at the site of action would be 

more meaningful (83).  The goal of our review is to give an overview of newer clinical BA and 

BE studies in skin and soft tissues using microdialysis. 
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Methods 

The MD catheter (probe) consists of a small semi-permeable hollow fiber membrane that is 

connected to inlet and outlet tubing (63).  It is constantly perfused with a physiological solution 

(perfusate) at flow rates of approximately 0.1-5μL/min (44).  After insertion into a selected tissue 

or (body) fluid, solutes can cross the membrane by passive diffusion depending on their 

concentration gradient (28, 44, 63).  Hence, the probe can be used as a sampling tool as well as a 

delivery tool (44).  The solution leaving the probe (dialysate) is collected at certain time intervals 

for analysis. 

Calibration Methods 

Since the MD probe is continuously perfused with fresh perfusate, a total equilibrium 

across the membrane cannot be established.  Rather, a steady-state rate of exchange across the 

MD membrane is rapidly reached.  This steady-state exchange rate is described by the extraction 

efficiency (EE).  The EE is the ratio between the loss/gain of analyte during its passage through 

the probe (Cperfusate-Cdialysate) and the difference in concentration between perfusate and the 

sample of interest such as tissue fluid, in vitro analyte, etc. (Cperfusate-Csample), as shown in 

equation 3-1. 

sampleperfusate

dialysateperfusate

CC
CC

EE
−

−
=  (3-1) 

At steady-state, EE has the same value for all Cperfusate, no matter if the analyte is being 

enriched or depleted in the perfusate (44).  For this reason, MD probes can be calibrated with 

either drug-containing perfusate or sample solutions.  While various calibration techniques are 

available (i.e. low-flow-rate method, zero-net-flux method (161), extended zero-net-flux method 

(207), etc.), retrodialysis by drug (34) is the most commonly employed method in humans.  
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During retrodialysis, the probe is perfused with drug-containing perfusate prior to or after drug 

administration, without the drug in the tissue.  Since absence of drug in the tissue is required for 

retrodialysis, this calibration technique cannot be applied to endogenous compounds (44). 

The proper selection of an appropriate calibration method is critically important for the 

success of a MD experiment, so supportive in vitro experiments prior to use in animals or 

humans are recommended (44). The recovery determined in vitro might differ from the recovery 

in humans, therefore, its actual value needs to be determined in every single in vivo experiment 

(241). 

Strengths of the Microdialysis Technique 

Depending on the molecular cut-off of the MD probe membrane, larger molecules (such as 

proteins) are prevented from diffusing into the dialysate (241).  This allows the analysis of 

protein-free, active drug concentrations to be performed frequently without further sample 

preparation (28). 

While MD selectively determines free, unbound concentrations in the interstitial fluid of a 

particular living tissue, other sampling techniques have limited capabilities to distinguish 

between different sites within the tissue or between free and bound drug.  For example, tape 

stripping is a commonly used method that is well established for evaluating the penetration of 

topically applied compounds into the upper part of the skin (150).  However, this method is 

limited to the stratum corneum and can, therefore, not be used for the assessment of free, active 

drug concentrations in deeper tissues such as the dermis.  In fact, continuous tape stripping does 

disturb the barrier function of the skin and can result in artificially increased drug levels in the 

skin (15).  Other tissue sampling approaches also have major limitations.  While, for example, 

broncho-alveolar lavage (BAL) pools data from large segments throughout the lung, 

concentrations obtained from homogenized tissue, positron emission tomography (PET), and 
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scintigraphy will include drug that is bound to interstitial and intracellular proteins or to intra- 

and intercellular membrane structures (28, 44, 241). 

In comparison, the skin blister technique is capable of target-site specific sampling.  Yet, it 

reflects concentrations in experimentally induced secretory fluids.  The concentrations in these 

fluids might vary with blister size and surface to volume ratio due to protein and chemokine 

content and might not be comparable to the interstitial space fluid (28, 48, 61, 189, 222, 241).  It 

was shown, for example, that ciprofloxacin and moxifloxacin accumulated preferably in blister 

fluid whereas an almost complete equilibration of the free unbound antibiotic plasma fraction 

with the interstitial space fluid was observed using MD (28, 29, 193). 

Another limitation of most of these techniques is that they are usually not capable of 

continuous measurement of the concentration-time profile.  Hence, investigators using, for 

example, epithelial lining fluid (ELF) and tissue biopsies are forced to pool data from different 

subjects in order to receive concentration-time profiles (1, 278).  In contrast, continuous 

sampling via MD allows the generation of PK profiles from individual subjects. 

Limitations of the Microdialysis Technique 

Usually, MD probe insertion is associated with minimal tissue damage.  However, some 

tissue sites such as brain (78, 79), lung (102, 254), bone (253), heart (9), liver (204) or the 

peritoneal cavity (116) are not readily accessible to the MD procedure.  The MD probe must then 

be surgically implanted into these tissues. 

Another limitation of the MD technique is its dependency on flow rate and sensitivity of 

the analytical assay.  As the analyte concentration decreases with increasing flow rate, assays 

with small sample volumes are restricted to highly sensitive analysis techniques (i.e. HPLC, 

LC/MS/MS, capillary electrophoresis) (44).  However, if very low flow rates are used, the time 
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resolution might be compromised (44).  For this reason, flow rate and analytical procedures 

require extensive fine-tuning. 

MD has emerged as the method of choice to monitor drug concentrations in the 

extracellular space.  If the site of action is located intracellularly, MD is not able to measure that 

concentration directly.  Even in these cases, the respective extracellular concentration resides 

closer to the site of interest than the respective plasma or blood concentrations. 

Bioavailability at the Site of Action 

In the FDA “Guidance for Industry”, BA is defined as “the rate and extent to which the 

active ingredient or active moiety is absorbed from a drug product and becomes available at the 

site of action.  For drug products that are not intended to be absorbed into the bloodstream, BA 

may be assessed by measurements that reflect the rate and extent to which the active ingredient 

or active moiety becomes available at the site of action.” (83)  Local site drug levels can become 

important in, for example, anti-cancer therapy, because tumors might show altered physiology 

and/or limited drug access compared to normal tissue (114, 115, 213).  Knowledge of the active 

drug concentrations inside the tumor is therefore critically important for the selection of an 

appropriate drug and/or dosing regimen. 

Even though metastatic malignant melanomas (MMMs) respond poorly to drugs due to 

resistance at a molecular level and impaired transcapillary drug transfer, dacarbazine is an 

effective treatment of MMMs (121).  Transcapillary transfer rates of dacarbazine and its active 

metabolite 5-aminoimidazole-4-carboxamide (AIC) into the tumor were determined after 

intravenous administration of dacarbazine at doses of 200mg/m2 -1000mg/m2 body surface area 

in 7 MMM patients using MD.  Dialysates (tumor and healthy adipose tissue) and plasma 

(ultrafiltered) samples were collected over 240min and analyzed using HPLC for free 

dacarbazine and AIC concentrations.  Results indicated that for all doses, AUCs for dacarbazine 
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and AIC were not significantly different between plasma (free concentration) and tumor 

interstitium.  It was concluded that dacarbazine and its active metabolite AIC showed significant 

tumor penetration characteristics after i.v. administration.  The lack of response to antineoplastic 

therapy with dacarbazine might be explained by resistance at molecular level rather than by 

inability of dacarbazine and AIC to penetrate into the interstitium of MMM (121). 

Once the drug reaches the systemic circulation, there are no more differences in 

distribution, metabolism, and elimination between the intravenous and the non-intravenous 

administration route.  Depending on the value of the oral bioavailability (F), oral doses will have 

to be increased in comparison to the respective intravenous dose in order to achieve similar 

therapeutic drug levels. 

As a case in point, MD was employed to compare free, active ciprofloxacin concentrations 

in the interstitial space fluid (ISF) of skeletal muscle and subcutaneous adipose tissue, after i.v. 

or oral ciprofloxacin administration, respectively (29).  Each of eight healthy volunteers were 

studied twice and randomly assigned to initial ciprofloxacin treatment with either 500mg orally 

or 400mg intravenously, with a washout period of at least 7 days.  Free ciprofloxacin 

concentrations were determined in the ISF of skeletal muscle and subcutaneous adipose tissue, 

saliva, cantharis-induced skin blister, as well as capillary plasma, and compared to total venous 

plasma concentrations.  Samples were analyzed using HPLC, and respective AUCs were 

calculated.  In order to predict the antimicrobial activity of ciprofloxacin, PK profiles, 

determined in the ISF after oral and intravenous dosing, were simulated in an in vitro PD model 

against Enterobacter, K. pneumoniae, and S. aureus.  Results showed that after oral and 

intravenous administration, mean fAUCs (± SD) of both muscle and subcutaneous adipose tissue 

were statistically significantly lower than the corresponding AUC for plasma (29).  Whereas 



 

49 

fAUCmuscle i.v. (7.43 ± 1.40 mg·h/L) was significantly higher than fAUCmuscle oral  (4.49 ± 

1.41mg·h/L), no significant differences could be detected between fAUCsubcutis i.v. (4.13 ± 

1.63mg·h/L) and fAUCsubcutis oral (3.85 ± 2.26mg·h/L) (29).  However, a closer look at the 

continuously increasing ƒC muscle oral/C plasma ratio indicates that steady-state conditions have not 

yet been reached.  While a Cskin blister/Cplasma ratio > 4 is an indicator that ciprofloxacin preferably 

accumulates in inflamed lesions, saliva and capillary blood concentrations were similar to total 

plasma (29).  In addition, results from the in vitro PD model showed that a comparable outcome 

was achieved against selected test strains with ciprofloxacin given either as 400mg i.v. or 500mg 

orally (29).  The above information leads to the conclusion that single i.v. infusion of 400mg and 

single oral administration of 500mg of ciprofloxacin result in different skeletal muscle and 

subcutaneous adipose tissue concentrations.  Yet, these differences in PK might not be 

pronounced enough to result in clinically significantly altered PD outcome (29). 

In some cases, on the other hand, the absorption of active drug molecules into the blood 

stream is undesirable, especially when drug-specific systemic adverse events are induced.  

Topical administration of these compounds might, therefore, be considered as an alternative.  For 

example, nonsteroidal anti-inflammatory drugs (NSAIDs) such as diclofenac are widely 

prescribed for the treatment of rheumatic diseases (105).  Although they are among the most 

commonly prescribed drugs worldwide, they are also responsible for approximately one-quarter 

of all adverse drug reactions such as increased risk of severe gastrointestinal (GI) complications 

(105).  Topical diclofenac administration might therefore be superior to oral or intravenous 

application for the treatment of inflammatory diseases. 

MD was used in the following study to determine the relative BA of diclofenac in plasma, 

subcutaneous adipose and skeletal muscle tissue after application of a novel diclofenac spray gel 
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formulation (4%), or oral dosing with enteric coated diclofenac tablets, respectively (25).  In one 

study, 12 healthy, male volunteers received two dosing regimens with a 14-day washout period 

in between.  During the first regimen, a diclofenac spray gel formulation (48mg) was applied 

topically TID for three days (10 doses total).  In the 2nd regimen, enteric-coated diclofenac 

tablets (50mg) were administered orally TID for three days (10 doses total).  In both cases, after 

administration of the 10th dose, blood and MD (from subcutaneous adipose and skeletal muscle 

tissue) were collected in 1-hour intervals for 10 hours post dose and at 48h.  Diclofenac 

concentrations in dialysate and plasma samples were determined using LC-MS-MS and the 

respective AUCs calculated.  While the relative BA of diclofenac in skeletal muscle (209%) and 

subcutaneous adipose tissue (324%) was higher after topical compared to oral administration, the 

relative BA in plasma was 50-fold lower (Table 3-1) (25).  In addition, results showed that 

maximum plasma concentrations (Cmax,plasma) after topical administration were approximately 

250-fold lower than the Cmax,plasma values after oral administration.  These data lead to the 

conclusion that the spray gel formulation is a good alternative to oral diclofenac formulations for 

the treatment of inflammatory soft tissue conditions due to the favorable penetration 

characteristics and low systemic availability (25). 

Although the results of the previous study indicate topical diclofenac formulations are 

appropriate for treatment of rheumatic diseases, there is still uncertainty whether these 

concentrations are sufficient in the target tissues (215, 217, 235).  The aim of another MD study 

was to investigate transdermal penetration of diclofenac after local topical administration into 

superficial and deep tissue layers (191).  Two MD catheters – one into a superficial (3.9 ± 

0.3mm) and one into deep (9.3 ± 0.5mm) - were inserted into the tissue of 20 healthy, male 

volunteers.  The correct position (distance between skin surface and MD tip) was determined by 
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high frequency ultrasound scanning.  Diclofenac gel (approximately 300mg/100cm2) was applied 

onto skin above the inserted MD membrane.  Dialysate was collected every 30 min for up to 4 h 

and respective free AUCs were calculated.  Results showed that diclofenac concentrations could 

be determined in both sampling sites in just 7 volunteers and could not be correlated to the 

insertion depth. Linkage to the IC50 (0.5μg/mL) of cyclooxygenase 2 (COX-2) showed that 

effective levels in underlying tissue layers were reached in only 8 out of 20 subjects (179, 191).  

In contrast to the previous study, it was therefore concluded that due to insufficient deep tissue 

penetration, a generalized use of transdermal diclofenac formulations, at least single doses, is 

often not justified and may be greatly dependent on individual skin properties (191). 

The effect of NSAIDs is triggered by inhibition of key enzymes (cyclooxygenase 1 and 2) 

of the prostaglandin (PG) synthesis.  PGs are mediators and are involved in a number of 

physiological and pathophysiological effects including the evolvement of pain (31).  However, it 

is still debated whether antihyperalgesic effects of NSAIDs include both peripheral 

(inflammation site) and central sites of action (31). 

MD was used to determine PG levels in the skin after topical and oral diclofenac 

administration.  All of the 10 healthy volunteers were treated in three consecutive treatment 

periods.  Each treatment period was randomly assigned and could contain the following 

combinations: a) oral formulation (93mg) plus topical formulation (placebo), b) oral formulation 

(placebo) plus topical formulation (65mg) or c) oral formulation (placebo) plus topical 

formulation (placebo), respectively.  While MD samples were taken every 0.5h after 

administration for up to 6 h, blood samples were drawn for 24h and analyzed using LC-MS-MS.  

In addition, antihyperalgesic action of diclofenac was assessed using an inflammatory model of 

cutaneous hyperalgesia (freeze lesion).  The response was quantified by estimating mechanical 
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pain threshold (MPT) before and after dosing at 0.5h intervals for up to 6h.  Study results 

showed that both topical and oral diclofenac formulations are significantly more effective than 

placebo.  While higher tissue levels were measured for topical treatment during the first hour 

after the application compared to oral administration (46.1ng/mL vs. 11.4ng/mL), oral 

administration resulted in higher tissue levels at time points 2 and 2.5h (Figure 3-1) (31). 

However, after topical administration, diclofenac could not be detected in plasma.  Even 

though the area under the curve in tissue (fAUCtissue) after oral dosing was lower than after 

topical application (32.2ng⋅h/mL vs. 40.7ng⋅h/mL), the overall pain relief was 1.7 fold higher 

after oral administration during the first three hours.  Accordingly, the authors suggested that an 

additional centrally mediated antihyperalgesic effect is involved in the analgesic effect of 

systemically administered diclofenac (31). 

Insufficient BA at the tissue site, in addition to the occurrence of adverse events, might 

limit the use of oral or IV formulations (250).  Instead, topical administration can overcome 

these limitations and is employed to deliver drugs at, or close to, the point of application (221).  

Topical drug formulations can be applied to the eye, nose and throat, ear, vagina, lung, etc.; 

however, the vast majority of topical medications is applied to the skin (221).  Dermal drug 

formulations are thus commonly used for the treatment of skin diseases such as urticaria, 

psoriasis or skin cancer. 

In the area of skin cancer treatment, photodynamic therapy (PDT) has shown promising 

results for the treatment of basal cell carcinoma (BCC), the most common type of non-melanotic 

skin cancer (266).  During PDT therapy, an intravenously or topically administered 

photosentisizer such as Protoporphyrin IX accumulates in the cancer tissue (266).  After 

exposure to light of a specific wavelength, this photosensitizer releases cytotoxic singlet oxygen. 
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MD was used to assess the BA of Delta-Aminolevulinic Acid (δ-ALA), a prodrug, that is 

specifically metabolized by tumor cells to Protoporphyrin IX, in BCC (n = 14) and normal skin 

(n = 4) after dermal application (266).  In addition, the skin blood flow was mapped and skin 

amino acid content determined using laser Doppler perfusion imaging and MD, respectively.  

Results indicated that interstitial ALA concentration in BCC increased from 0 to 3.1 ± 

1.7mmol/L (mean ± SEM) within 15 min of application, whereas no ALA could be detected in 

healthy skin.  In contrast, amino acid levels were found to be similar in both healthy and BCC 

tissue and blood flow was 2.5-fold increased in BCC compared to normal skin during treatment 

(266).  It was concluded that MD is an appropriate technique for the determination of ALA PK in 

the skin.  However, the rapid penetration of ALA into tumor tissue and increased blood flow in 

BCC might lead to faster elimination from the tumor and warrants further investigation. 

Factors Affecting Bioavailability 

Despite great interest in the skin as an application route for therapeutic agents, the 

availability of clinical BA studies evaluating the mechanisms of transdermal absorption and 

factors affecting the disposition of topically applied drugs is limited (15, 21, 55).  In order to 

address this lack of information, an increasing number of human studies have been performed 

evaluating factors (e.g. skin barrier function, blood flow, degree of ionization, etc.) that can alter 

the BA after dermal drug application.  The ability of MD to continuously monitor the change of 

free, unbound drug in the ISF of different layers of the skin or subcutaneous adipose tissue has 

made it a valuable tool for investigating these factors.  MD has, for example, been used to study 

the effect of skin barrier perturbation by repeated tape stripping, treatment with 1% sodium 

lauryl sulfate (SLS) or 2% SLS, and treatment with acetone on the penetration of salicylic acid 

into the skin (15).  Findings show that there was an approximate 150-fold difference between 
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unmodified and tape-stripped/SLS (2%) treated skin, indicating a massive disturbance of the skin 

barrier function (Figure 3-2).  In comparison, penetration increased approximately 46-fold after 

SLS (1%) and 2.2-fold after acetone treatment, respectively. 

The BA of topically applied drugs in skin and soft tissue is not only dependent on the 

integrity of the skin barrier but also highly correlated to the local blood flow (17, 19, 21, 44, 119, 

219, 234).  An increase, as well as a decrease, in local blood flow can be due to physiological or 

drug-induced changes.  Whereas an increase in blood flow enhances the penetration of a 

compound into the respective tissue, a decrease slows down its tissue uptake (19, 21, 30, 44, 

119). 

This situation was demonstrated in a MD study evaluating the BA of penciclovir (PCV) in 

the skin after a single oral dose (250mg) of its prodrug famciclovir (19).  Three MD probes were 

implanted into the left forearm of seven healthy volunteers.  While all three probes were perfused 

with Ringer solution, vasoconstriction was additionally induced in the tissues around probes #2 

and #3 by either supplementation with adrenaline (0.2mg/mL) or cooling (20oC), respectively 

(19, 108).  Results (Figure 3-3) indicate that penetration of PSV into untreated skin was 

statistically significantly higher than into skin with decreased microcirculation due to either 

adrenaline or cooling, respectively (19).  In comparison, local warming of the dermis (40oC) was 

shown to enhance the microcirculation in soft tissues and was correlated with an increased 

penetration of ciprofloxacin into these tissues (119). 

However, physiological or pathophysiological conditions determine not only the BA of a 

drug in the soft tissue, but the physicochemical properties of the drug itself.  It was shown in 

both in vitro and in vivo experiments that unionized drug penetrates more efficiently through the 

stratum corneum than ionized drug (145).  Whereas chemical modifications of the drug molecule 
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(e.g. ester, ion pairs, etc.) are frequently employed to increase the lipophilicity of the parent 

compound, the molecule’s charge can also be actively used (e.g. in iontophoresis) for active drug 

delivery (55, 240).  Yet, these chemical modifications can result in different penetration behavior 

and consequently altered relative BA (55).  Altered BA can become an issue when two different 

drug formulations of the same parent compound are used and can be addressed in BE studies. 

Bioequivalence 

In the case of systemically active drugs, although both BA and BE evaluate the release of a 

drug substance from a drug product and the subsequent absorption into the systemic circulation, 

BE is a more formal comparative test between two drug products using specified criteria.  In the 

FDA “Guidance for Industry”, BE is defined as “the absence of a significant difference in the 

rate and extent to which the active ingredient or active moiety in pharmaceutical equivalents or 

pharmaceutical alternatives becomes available at the site of drug action when administered at the 

same molar dose under similar conditions in an appropriately designed study.” (83)  However, 

the determination of BE for locally acting and targeted delivery products has confronted both 

industry and regulatory authorities with problems during the approval process since plasma 

concentrations are usually inappropriate surrogates of pharmacological activity (81). 

A recent study compared the applicability of MD for BE determination of two topical 

lidocaine formulations (cream 5%, ointment 5%) to the tape stripping method (14).  Multiple 

MD and tape stripping samples were taken at two different application sites.  Results of both 

methods showed that these two formulations were not bioequivalent, and consequently, not 

interchangeable.  In addition, further statistical analysis of the applied study design indicated that 

BE studies (90% CI and 80-125% BE limits) using two formulations in each subject need a 

minimum of 27 subjects (when 2 probes are used per application site), or 18 subjects (when 3 

probes are used per application site), respectively (14).  In comparison, it has been estimated that 



 

56 

approximately 40 to 50 subjects are required for BE studies using the tape stripping method and 

up to 300 subjects, using the current clinical BE study design (14, 44). 

PK/PD Indices 

Besides assessment of BA and/or BE, the actual information on free drug concentrations 

obtained from the MD experiments can be further used to predict treatment outcome.  This 

approach is frequently employed during drug development of anti-infective agents.  In the 

following clinical MD studies, measured free, active antibiotic concentrations were linked to the 

respective PD outcome parameters of the most prevalent skin and skin structure pathogens in 

order to predict their clinical efficacy. 

Infections of skin and soft tissue can be caused by a variety of gram-positive and gram-

negative pathogens and are routinely treated with antibiotics.  Whereas penicillins and 

cephalosporins are drugs of first choice, agents of different classes (e.g. oxazolidinones, 

glycopeptides, macrolides, tetracyclines, etc.) have to be used in case of adverse events or 

emergence of β-lactam resistance.  In order to increase the chances of clinical success and to 

decrease the likelihood of toxic side effects as well as resistance development, selection of an 

appropriate antibiotic dosing regimen is extremely important (229).  The most rational approach 

is to link active drug concentrations to the respective PD outcome.  However, outcome 

predictions based on total plasma concentrations might be misleading since most infections are 

not located in the blood stream, but rather in the interstitial space fluid (ISF) of tissues (193).  In 

fact, it is free, unbound drug in the ISF that is responsible for antimicrobial efficacy (222).  Once 

free antibiotic concentrations have been determined at the infection site, outcome should be 

predictable from the respective susceptibility breakpoints of the infection-causing pathogens 

(26). 
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To date, the minimum inhibitory concentration (MIC) has served as a well-established and 

routinely determined susceptibility breakpoint parameter for antibiotics.  According to the 

Clinical and Laboratory Standards Institute (CLSI, formerly National Committee for Clinical 

Laboratory Standards NCCLS), the MIC is defined as the lowest concentration of drug that 

completely inhibits visible growth of the organism as detected by the unaided eye after an 18-24 

hour incubation period with a standard inoculum of approximately 5x105–106CFU/mL (188, 

229).  Combinations of this PD marker with free (ƒ), unbound PK parameters to MIC-based 

PK/PD indices such as ƒT>MIC, ƒAUC/MIC and ƒCmax/MIC have led to a much better 

understanding of antibiotic dosing (229). 

The first PK/PD index was developed for penicillins.  It correlates in vivo efficacy with the 

amount of time free drug levels stay above the MIC of the target organism (ƒT>MIC) (229).  

Although a further index differentiation within the drug class was suggested, a common 

threshold of ƒT>MIC ≥ 40% seems to be sufficient for the clinical efficacy of β-lactam antibiotics 

(229).  While ƒCmax/MIC index values of 10-12 seem to be a good predictor for 

aminoglycosides, the magnitude of the fluoroquinolone index is still controversial (89, 125, 180, 

214).  Nonetheless, target ƒAUC24/MIC values of 100-125 (Gram-negatives), 25-35 (Gram-

positives) and ƒCmax/MIC index values of 10 have been identified for fluoroquinolones (76, 89, 

205).  In comparison, ƒAUC24/MIC values 50-100 or ƒT>MIC ≥ 85% were good outcome 

predictors for oxazolidinones (168).  Once these MIC-based PK/PD indices are identified, they 

can support the identification of optimised dosing regimens and the prediction of treatment 

outcome (229). 

Knowledge of the free antibiotic concentration-time course in the ISF is necessary in order 

to establish the respective ƒT>MIC, ƒCmax/MIC and ƒAUC24/MIC index values.  Whereas various 
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techniques are available for determination of free, unbound concentrations, they are not all 

capable of characterizing dynamic changes in free ISF concentrations.  Only MD combines these 

two properties.  Consequently, it is therefore a very valuable sampling tool and has become an 

inherent part of evaluation and establishment of PK/PD indices. 

ƒT>MIC 

Although clinical studies have demonstrated the effectiveness of ertapenem in SSSI 

treatment, few studies on the in vivo penetration of ertapenem into ISF of soft tissues, such as 

skeletal muscle and subcutaneous adipose tissue, and resulting free, active concentrations, have 

been available (34, 99, 151). 

In a single center, prospective, open label study, free, unbound ertapenem concentrations in 

the ISF of skeletal muscle and subcutaneous adipose tissue were measured using MD (34).  After 

determination of the individual probe recoveries, six healthy volunteers received 1g ertapenem as 

a single 30 min short-term i.v. infusion.  Plasma and MD samples were collected over 12 h post-

dosing and analyzed using LC-MS-MS.  Results indicate that free, unbound ertapenem profiles 

in the ISF of both skeletal muscle and subcutaneous adipose tissue are lower than corresponding 

total plasma concentrations as shown in Figure 3-4.  While free ISF concentrations of the skeletal 

muscle correlated well with free, unbound concentrations in plasma (4-16% of total plasma 

concentration), they were comparably higher than free ISF concentrations in subcutaneous 

adipose tissue.  This phenomenon was observed in other studies as well, and might be explained 

by differences in blood flow in these two tissues (27).  Free ertapenem concentrations of 1.13 ± 

0.68mg/L in the muscle, observed 12h after single dose i.v infusion of 1g ertapenem, exceeded 

the MIC90s of methicillin susceptible S. aureus (0.25mg/L), Streptococcus spp (0.5mg/L), 

extended-spectrum b-lactamase (ESBL)-producing Enterobacteriaceae (0.03-0.06mg/L), 

Bacteroides fragilis and other anaerobic bacteria (≤ 1.0mg/L) for at least 50% of the entire 



 

59 

dosing interval.  In comparison, free levels of 0.31 ± 0.16mg/L in the subcutaneous adipose 

tissue (at 12h) exceeded the MIC90 of the same SSSI pathogens for at least 30% of the dosing 

interval.  The authors concluded that free, active ertapenem concentrations reached sufficient 

levels in non-infected interstitial fluid of muscle and subcutaneous adipose tissue and that 

previous clinical findings were supported by this data (34). 

ƒAUC24/MIC 

Linezolid, the first oxazolidinone, is approved by the FDA for the treatment of nosocomial 

pneumonia and complicated skin and skin structure infections.  It shows good antimicrobial 

activity against various resistant gram-positive bacteria, including methicillin- and glycopeptide-

resistant S. aureus (282).  Despite the fact that 1) only free, unbound data is considered for 

antimicrobial efficacy and 2) most relevant pathogens are located in the ISF, most of the 

available linezolid PK data is based on total plasma concentrations (33, 64, 243).  Therefore, a 

clinical MD study was performed that evaluated the penetration of linezolid into soft tissues of 

10 healthy volunteers after single and multiple dose administration (64).  On day one of this 

study, MD catheters were placed into the subcutaneous adipose tissue and the skeletal muscle of 

each volunteer.  After calibration and baseline determination, 600mg linezolid were infused 

intravenously over 30min.  MD and blood samples were taken for up to eight hours.  After 

withdrawal of the MD probes, volunteers were started on oral linezolid (600mg) BID for five 

consecutive days (64).  The second set of MD experiments was started simultaneously with the 

last oral dose.  This time, probes were calibrated after the 8-hour sampling period.  The AUC0-8 

was calculated by using the trapezoidal rule, the AUC24 by extrapolation to 24 hours.  In 

addition, AUC24/MIC ratios were calculated for pathogens with MICs of 2mg/L and 4mg/L, 

respectively.  Results show that after single i.v. administration of linezolid, ƒAUC0-8 of both 

skeletal muscle (65.3 ± 18.2mg·h/L) and subcutaneous adipose (75.8 ± 24.2mg·h/L) tissue were 
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statistically significantly higher than the ƒAUC0-8 of plasma (53.0 ± 11.6mg·h/L).  However, at 

steady-state no significant differences between concentrations in the ISF of skeletal muscle and 

subcutaneous adipose tissue could be detected (64).  The findings further indicated that steady 

state concentrations in both muscle (ƒAUC24 muscle/MIC 58.9 ± 33.0mg·h/L) and adipose 

subcutaneous tissue (ƒAUC24 tissue/MIC 46.6 ± 15.9mg·h/L) were sufficient to treat infections that 

are caused by pathogens with MICs of up to 4 mg/L (64). 

ƒCmax/MIC 

According to the CDC (Center of Disease Control), surgical site infections (SSI) include 

skin and subcutaneous tissue infections and are the second most common cause of serious 

nosocomial infections (23, 195).  These SSI can be caused by various pathogens (e.g. S. aureus, 

P. aeruginosa, Klebsiella ssp.) and are frequently treated with β-lactam antibiotics (195, 263).  In 

patients with confirmed allergy or adverse reaction to β-lactam antibiotics, gentamicin can be 

used in combination with either clindamycin or metronidazole (24).  Gentamicin is a broad-

spectrum antibiotic that shows good antimicrobial activity against gram-positive S. aureus and 

gram-negative bacteria including Enterobacteriaceae and Pseudomonaceae (162).  Its short half-

life of 2-3 hours in patients with normal renal function requires a well-designed dosing regimen 

in order to prevent concentrations from dropping rapidly to subtherapeutic levels (24).  Since it is 

oftentimes unclear whether surgical procedures change free, active drug levels in the ISF, the 

most rational approach is to measure respective free concentrations directly at the surgical site 

using MD. 

After insertion of the MD catheter into the subcutaneous fat layer of the abdominal wall 

(10cm lateral to the umbilicus), seven healthy volunteers, with normal renal function, received 

240mg gentamicin as an IV bolus (162).  For the first hour, plasma and MD samples were taken 

every 20min, followed by 60min sampling intervals for up to six hours.  Samples were analyzed 
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using a spectrophotometric immunoassay.  PK parameters were determined by compartmental 

analysis.  Free peak concentrations in tissue (ƒCmax tissue) of 6.7 ± 2.0mg/L, which is equivalent to 

39.1% of the total peak serum concentration (Cmax), were reached within 10 to 30min of 

administration (162).  Since the ƒCmax/MIC ratio was identified as the best predictor of 

aminoglycoside efficacy, ƒCmax/MIC values were calculated for common SSI pathogens such as 

P. aeruginosa (7.4:1, MIC: 0.9mg/L), S. aureus (33.5:1, MIC: 0.2mg/L) and Klebsiella ssp. 

(4.8:1, MIC: 1.4mg/L), respectively (162).  The authors concluded that 1) MD could be 

successfully used to measure gentamicin concentrations in subcutaneous tissue and 2) 

determined gentamicin concentrations were sufficient to treat infections with the most common 

SSI pathogens (162). 

In some cases, the antibiotic dosing regimen does not result in sufficient concentrations in 

the ISF.  If they fail to outreach the MIC thresholds of respective SSSI pathogens, they cannot be 

used for treatment. 

Telithromycin, for example, is typically used as a reserve antibiotic for the treatment of 

respiratory tract infections since it shows high concentrations in inflammatory fluids, 

bronchopulmonary tissues, tonsillar tissue, and saliva (74, 97, 128).  However, its good activity 

against some Streptococci ssp. has lead to speculation on its applicability in the treatment of 

SSSI (94, 97).  Hence, a MD study was designed to evaluate the PK profile of telithromycin in 

the ISF of soft tissues after single dose administration.  In this study, commercially available 

800mg telithromycin tablets were given orally to 10 healthy male volunteers (94).  Blood and 

dialysate concentrations were determined.  Areas under the concentration time curve from zero 

to eight hours (AUC0-8) were calculated for free concentrations in the ISF of muscle and 

subcutaneous adipose tissue as well as free and total plasma concentrations, respectively.  
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Results showed that there were no statistically significant differences between areas under the 

mean free concentration-time curve from zero to eight hours (ƒAUC0-8) in muscle (0.6 ± 

0.3mg⋅h/L), subcutaneous adipose tissue (0.9 ± 0.6mg⋅h/L) and plasma (0.5 ± 0.2mg⋅h/L).  

However, ƒAUC0-8s of muscle and subcutaneous adipose tissue were significantly lower than the 

mean AUC0-8 of total plasma (4.1 ± 1.5mg⋅h/L) as shown in Figure 3-5.  Since antimicrobial 

efficacy of ketolides correlates best with ƒAUC0-24/MIC ratio, the ƒAUC0-24 was additionally 

calculated.  Using the MIC where the growth of 90% of the SSSI-causing pathogens is inhibited 

(MIC90), the ƒAUC0-24/MIC90 ratios indicated that bacteria highly susceptible to telithromycin 

such as S. pyogenes might be eradicated from tissues and plasma (54, 276).  Nevertheless, these 

ƒAUC0-24/MIC90 ratios further indicated that telithromycin shows insufficient concentrations 

against other prevalent SSSI pathogens such as S. aureus or bite pathogens such as Prevotella 

canis.  The authors concluded, that telithromycin shows limited activity against common SSSI-

causing pathogens and should therefore not be used for their treatment (94). 

Conclusion 

Despite the fact that most pharmacological events take place in tissues, PK data is usually 

still based on blood or serum concentrations (44).  However, free, unbound drug concentrations 

can differ significantly between blood and tissues.  Measurement of free, active drug 

concentrations in the tissue of interest is consequently the most rational approach, but has 

frequently been restricted by insufficient sampling/analysis techniques.  With MD, a well-

accepted, relatively inexpensive, semi-invasive sampling technique that is able to sample free, 

active drug directly from the extracellular space fluid of tissues has become available.  The 

resulting tissue concentration-time profiles reflect both rate and extent of drug absorption from 

the respective application site and can, therefore, be used for BA and BE assessment.  In fact, 
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MD has been recommended by the FDA as a sampling tool for BE evaluations of topical 

dermatological products (14, 44, 81, 134, 135, 173). 

To date, most of the current BA studies are performed in healthy volunteers.  However, 

physiological processes can be altered in patient populations compared to healthy volunteers.  

Consequently, the assessment of BA in patients can be expected to become more important in the 

future.  Initial progress has already been made in this area by determining free, active drug 

concentrations in diseased tissue (e.g. tumors, diabetic food, psoriasis, etc.) using MD.  Once 

free, active drug concentrations have been determined, they then can be further correlated with 

appropriate biomarkers in order to predict clinical efficacy. 
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Table 3-1. Pharmacokinetic parameters for diclofenac in plasma and subcutaneous and skeletal 
muscle tissue. 

Parameters Topical Oral 
Median 95% Cl Median 95% Cl 

Plasma (n=12)a 

AUC ∞, AUCτ 
(ng⋅h⋅mL-1) 32.8 (22.7-52.9) 1569.7 (1255.8-1849.8)

Cmax (ng/mL) 4.9 (3.4-7.7) 1240.2 (787.0-1388.9)
Subcutaneous tissue (n=12)b 

AUC ∞, AUCτ 
(ng⋅h⋅mL-1) 21.5 (19.4-50.5) 8.6 (7.0-10.6)

Cmax (ng/mL) 
13.1 (9.3-33.6) 1.9 (1.6-2.5)

Skeletal muscle (n=12) b 

AUC ∞, AUCτ 
(ng⋅h⋅mL-1) 18.2 (11.8-28.1) 8.8 (7.8-12.3)

Cmax (ng/mL) 
12.3 (6.2-22.0) 2.6 (2.0-4.0)

Data from 12 healthy males after multiple dose regimens of either topical (diclofenac spray gel 
4%) or oral (50mg enteric-coated tablets) diclofenac. CI = confidence interval; AUC ∞, AUCτ = 
area under the plasma or tissue concentration vs. time curve of diclofenac approximated to 
infinity (AUC ∞) or evaluated in the last dosage interval (0-8h; AUCτ); Cmax = maximum plasma 
or tissue concentration.  aTotal drug.  bFree drug 
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Figure 3-1. Mean concentration-time profile of diclofenac after oral and topical administration in 
subcutaneous tissue and plasma. 
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Figure 3-2. Concentration (mean ±SD)-time plots demonstrating differences in dermal salicylic 
acid (SA) penetration sampled by MD probes, inserted in the 4 barrier-pertubated 
skin areas (n=16). 
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Figure 3-3. Median concentration-time profiles for penciclovir (PCV) in skin for control, solution 
perfused with adrenaline, and cold skin following single oral administration of 400mg 
famciclovir (prodrug) in healthy volunteers (n=4). 
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Figure 3-4. Ertapenem concentration (mean ±SD)-time profiles in total plasma, skeletal muscle 
fluid, and interstitial adipose tissue (subcutis) following 1g infusion for 30min in 
healthy volunteers (n=6).  Horizontal lines indicate MIC90 values for methicillin 
susceptible S. aureus (―――), Streptococcus spp (−··−), extended-spectrum b-
lactamase (ESBL)-producing Enterobacteriaceae (··········), Bacteroides fragilis and 
other anaerobic bacteria (——). 
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Figure 3-5. Telithromycin concentration-time profiles in plasma (total and free), muscle, and 
subcutaneous adipose tissue after a single 800mg dose in healthy volunteers (n=10).
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CHAPTER 4 
PENETRATION OF ERTAPENEM INTO SKELETAL MUSCLE AND SUBCUTANEOUS 

ADIPOSE TISSUE IN HEALTHY VOLUNTEERS MEASURED BY IN VIVO 
MICRODIALYSIS3 

Introduction 

In clinical practice, empiric antibiotic therapy is initiated as the first measure dealing with 

bacterial infection.  In case of therapeutic failure, however, it may become necessary to measure 

the susceptibility of the causative agent and to adjust antibiotic dosage schedules with the aim to 

attain serum drug concentrations above the MIC for the respective pathogen throughout the 

dosing interval (53).  Although this approach is suitable for conditions, where the central 

compartment is the main site of infection, e.g. septicemia, for localized organ or tissue infections 

drug concentrations in the interstitial space rather than in serum determine the clinical outcome 

of antimicrobial therapy (152, 188).  This is particularly relevant for skin and skin-structure 

infections (SSSI), which may occur due to surgical wound contamination, after trauma or in 

diabetic patients and may result in severe necrotizing limb- and even life-threatening infections 

(32, 92, 96).  Hence, to be clinically effective an antibiotic should reach pharmacologically 

active, i.e. unbound, soft tissue concentrations high enough to eradicate the causative pathogen 

(136, 177).  A class of antibiotics which was shown to qualify for the treatment of SSSI are 

carbapenems.  Ertapenem is a long-acting parenteral 1-β-methyl-carbapenem, which was 

selected for clinical development partially based on its pharmacokinetics (56, 156, 281).  Owing 

to its long plasma half-life, which reflects a high plasma protein binding, ertapenem can be 

administered once daily (199).  Although clinical studies have demonstrated the effectiveness of 

ertapenem for SSSI-treatment, the in vivo penetration and the resulting free protein-unbound 

concentrations in interstitial space of soft tissues, such as skeletal muscle and subcutaneous 

                                                 
3 Copyright © Oxford Journals, [J Antimicrob Chemother 58: 632-6, 2006] 
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adipose tissue have not been reported, mainly due to a lack of appropriate methodology (99, 

151).  One technique, which has been proven suitable for the measurement of target tissue 

concentrations of a variety of substances in vivo in humans, is clinical microdialysis (122).  This 

method is a minimal invasive technique for the measurement of unbound drug concentrations in 

virtually every tissue and organ.  The present microdialysis study was conducted to measure and 

compare the free protein-unbound ertapenem concentrations in the interstitial space fluid of two 

peripheral target sites, skeletal muscle and subcutaneous adipose tissue, following the 

administration of 1 g infusion, and to compare them with the respective plasma concentrations. 

Volunteers and Methods 

Volunteers 

Six healthy volunteers (3 men, 3 woman, 4 Asians, 2 Caucasians), between 22 and 37 

years old, average height 160.0 ± 8.8 cm, average body weight 64.7 ± 8.6 kg, average body mass 

index 25.3 ± 2.4 kg/m2, and average body surface area 1.68 ± 0.16 m2, participated in the study.  

All had normal renal and hepatic function; the mean creatinine clearance was 100.5 ± 21.1 

ml/min 1.73 m2.  All volunteers included in the study had normal findings from physical 

examination, electrocardiogram and laboratory tests (including haematological and biochemical 

parameters, urinalysis, and negative pregnancy test).  The mean albumin serum concentration 

was 4.43 ± 0.29 g/L, the mean total protein concentration 7.50 ± 0.24 g/L.  Further exclusion 

criteria were regular use of medications, abuse of alcoholic beverages, symptoms of significant 

illness within 3 months before the study period, history of liver or kidney disease potentially 

interfering with metabolism or excretion of the drug, history of central nervous system disorders, 

allergy or hypersensitivity to the study drug, blood donation of more than 500 ml during the 

previous 3 months, participation in a clinical trial within 3 months before the study period and 

pregnancy.  The study was conducted in the General Clinical Research Center at Shands 
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Hospital, University of Florida, was approved by Shands' Hospital Institutional Review Board 

(IRB-01), and was performed in accordance with the Declaration of Helsinki.  All volunteers 

were given a detailed description of the study, and their written consent was obtained. 

Study Design and Protocol 

The study was conducted as a single-center, prospective, open-label trial.  Volunteers were 

hospitalized from the evening before start of the study until 12 h post dosing.  On the study day, 

the volunteers were kept under fasting conditions for 10 h prior to the start of the experiments 

until 2 h after drug administration.  Each volunteer received one dose of 1g ertapenem as an 

intravenous infusion over 30 min.  Tolerability and safety assessments, clinical chemistry, 

haematological tests and urinalysis, and the measurement of vital signs (blood pressure, heart 

rate) and ECG were included in the study.  Vital signs were taken before administration of the 

drug and 15 min, 1, 2, 12 h thereafter.  All data relating to drug safety were recorded throughout 

the study. Each volunteer recorded a diary protocol of possible adverse events. 

Sample Collection 

To measure the unbound fraction of ertapenem in the interstitial space fluids, microdialysis 

probes (CMA 60; CMA, Stockholm, Sweden) with a molecular cutoff of 20 kDa were used.  

Microdialysis probes were inserted after cleaning and thorough disinfection of the skin.  One 

dialysis probe was inserted into the medial vastus muscle and one was inserted into the 

subcutaneous layer of the thigh.  The microdialysis probes were secured in place by holding a 

plastic flap at the base of the probe while the needle was removed.  The microdialysis system 

was flushed with lactated Ringer's solution and then connected to a microinfusion pump 

(Precidor; Infors-AG, Basel, Switzerland).  The principles of microdialysis have previously been 

described in detail (27, 190, 192).  Briefly, microdialysis is based on sampling of the non-

protein-bound fraction and, therefore, the pharmacologically active fraction of analytes from the 
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interstitial space with a semipermeable membrane at the tip of a microdialysis probe.  The probe 

is constantly perfused with a physiological solution (perfusate) at a flow rate of 2 µL/min.  Once 

the probe is implanted into the tissue, substances present in the extracellular fluid at a particular 

concentration (Ctissue) are filtered out of the interstitial space fluid by perfusion into the probe, 

resulting in a concentration (Cdialysate) in the perfusate.  Samples are collected and analyzed.  For 

most analytes, equilibrium of the concentration between extracellular tissue fluid and the 

perfusion medium is incomplete; therefore, Ctissue > Cdialysate.  The factor by which the 

concentrations are interrelated is termed recovery.  To obtain absolute concentrations in the 

interstitial space fluid from the concentrations in unbound dialysate, microdialysis probes were 

calibrated for in vivo recovery rates by the retrodialysis method (242).  The retrodialysis 

procedure is performed in each subject before dosing of the drug.  The principle of this method 

relies on the assumption that the diffusion process is quantitatively equal in both directions 

through the semipermeable membrane.  Therefore, ertapenem was added to the perfusate at a 

concentration of 5.0 mg/L, and the disappearance rate (delivery) through the membrane was 

taken as the in vivo recovery.  The in vivo percent recovery was calculated as 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
×−= 100

ionConcentrat
ionConcentrat

100)Recovery(%
perfusate

dialysate  (4-1) 

After a 30-minute baseline perfusion period, in vivo calibration was performed as 

described previously for a period of 60 minutes, during which two samples were collected (at -30 

and -60 minutes) (27).  Concentrations in both retrodialysis samples were averaged and used to 

calculate the in vivo recovery.  After the calibration period was completed, a 60-minute washout 

period was observed.  Microdialysis sampling was performed at 60-minute intervals up to 12 

hours post dose. 
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Blood samples (5 mL) were collected in lithium heparinate-coated tubes, via a venous 

plastic cannula (JELCO; Johnson-Johnson, Arlington, Tex), before ertapenem infusion, and 0.5, 

1, 2, 3, 4, 6, 8, and 12 hours after the start of infusion.  Samples were centrifuged at 1.300 g for 

10 min at 4°C.  Plasma was separated and stored at -80°C until analysis. 

Drug Assay 

Quantitative determination of ertapenem in plasma and in interstitial space fluid of skeletal 

muscle and subcutaneous adipose tissue were determined by validated SPE-Liquid 

chromatography–tandem mass spectrometry methods (LC-MS-MS) (132).  The HPLC analytical 

column used was Synergi 4μ Polar-RP 10·2.0 mm.  The flow rate was 0.5 mL/min, with a 

gradient mobile phase of A = 2 mM ammonium acetate/0.1% Acetic Acid, pH = 3.2 and B = 

100% methanol, starting from 100% A to 90% B in 5 minutes and change back to 100% A in 3 

minutes, keep it there for 6 minutes, total of 14 minutes for each injection.  MS-MS equipment 

and related parameters are: Micromass Quattro LC-Z, with negative electro spray ionization, 

MRM scan function for two channels: 474.00 > 265.00 (ertapenem) and 466.00 > 422.00 

(ceftazidime, as internal standard), cone voltage was 25 volts, collision energy was 20 for 

ertapenem and 10 for I.S.. The limit of quantification was 0.04 mg/L. 

Pharmacokinetic Analysis 

Pharmacokinetic parameters were calculated by non-compartmental analysis with Kinetica 

pharmacokinetic software program (Kinetica 4.3, Innaphase).  The maximum observed plasma 

concentration (Cmax) and time to reach Cmax (Tmax) after drug administration were determined 

directly from the concentration-time curves.  The area under the plasma concentration curve 

from time 0 (the start of infusion) until the last quantifiable plasma concentration (AUC0-last) was 

calculated by using the log-linear trapezoidal rule.  AUC0-∞ was derived by adding Clast/λz to 

AUC0-last.  The terminal elimination rate constant (λz) was estimated from the slope of terminal 
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exponential phase of the logarithmic plasma concentration-time profile using no fewer than 3 

data points.  The apparent terminal elimination half-life (t1/2z) was calculated as 0.693/λz.  The 

mean residence time (MRT) was calculated AUMC0-∞/AUC0-∞, where AUMC0-∞ is the area 

under the first moment of concentration-time curve, determined by integrating the product of 

time and concentration from zero to infinity.  Apparent total clearance (CLtot) was calculated as 

dose/AUC0-∞.  The apparent volume of distribution during the terminal phase (Vz) was calculated 

as (CLtot/λz).  Protein-unbound ertapenem concentrations in the extracellular skeletal muscle and 

subcutaneous adipose tissue fluid were calculated from measured microdialysate concentrations 

and individual probe recovery, determined in our in vivo experiments.  The parameters, such as 

Cmax, Tmax, AUC0-last, AUC0-∞, and t1/2z were calculated using the same formula as for plasma 

samples.  The tissue penetration was calculated as the ratio of the unbound AUC0-∞ in skeletal 

muscle or subcutaneous adipose tissue fluid to the total AUC0-∞ in plasma (AUCtissue, 

free/AUCplasma, total).  All data are presented as geometric means ± standard deviations, with the 

exception of Tmax, for which median and minimum-maximum ranges are given only. 

Results 

Safety 

All six enrolled volunteers completed the study in accordance with the protocol.  The 

microdialysis procedure and treatments were well tolerated.  No serious or severe adverse events 

or microdialysis-associated side-effects were observed.  Two volunteers reported headache, not 

related to study drug.  There were no clinically significant changes in electrocardiograms, blood 

pressure or pulse.  Similarly, there were no clinically important findings in haematology, clinical 

chemistry or urinalysis. 
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Pharmacokinetics 

The time versus concentration profiles of ertapenem in plasma (total concentration) and in 

the interstitial space fluid of skeletal muscle and subcutaneous adipose tissue after administration 

of a single intravenous dose of 1 g over 30 min to healthy volunteers (n = 6) are shown in Figure 

4-1.  Pharmacokinetic parameters are listed in Table 4-1. 

Discussion 

Bacterial skin and skin-structure infections are among the most frequently seen infectious 

diseases in the community and occasionally in the hospital setting (32, 71).  Larger and profound 

lesions are usually secondarily mixed-infected with aerobic Gram-positive and Gram-negative 

bacteria including Staphylococcus aureus, Streptococcus species, Enterobacteriaceae, and 

anaerobic bacterial pathogens (71, 92, 96).  Apart from surgical and general care measures 

(wound cleaning) a therapy with highly effective antimicrobial agents is indicated, because 

infected SSSI are often starting point of phlegmonous inflammations and in worst case also of a 

septic syndrome (32, 71, 92, 96).  For the selection of a suitable antibiotic drug the antibacterial 

spectrum and the concentrations reached at the site of infection are very important (152, 188).  

Many studies have shown that plasma concentrations may not be an ideal parameter for the 

prediction of the clinical efficacy of antibiotics because most infections occur at the tissue sites.  

Additionally, it has been found that only free protein-unbound antibiotic concentrations at the 

infection sites are responsible for the antibacterial activity (136, 177).  Therefore, inadequate 

interstitial tissue concentrations can lead to therapeutic failure and bacterial resistance (152, 

188). 

Due to its wide range of antibacterial activity against most Gram-positive, Gram-negative 

and anaerobe bacteria, ertapenem is a candidate for the treatment of skin and skin-structure 

infections (56, 156, 281).  However, there is only limited information on the ability of ertapenem 
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to penetrate into different organ tissues, such as lung or pancreatic tissue (35, 273).  With 

reference to the treatment of SSSI, one study investigated ertapenem penetration into suction-

induced skin blister fluids in 12 healthy young volunteers (139).  Drug concentrations in skin 

blister fluids exceeded 4 mg/L (the MIC at which 90% of isolates tested are eliminated) 

throughout the entire dosing interval of 24 hours.  However, extrapolation of these data to the 

concentrations in infected tissues should be done with extreme caution (27).  One problem is that 

skin blisters are formed before the administration of the antibiotic.  The blister thus serves as a 

large third compartment with a surface-to-volume ratio, which is hardly representative of that for 

tissue.  Besides, other variables must be taken into account, such as the barrier between the 

blister and the skin, which may change over time and the presence of proteins in blister fluid. 

The main purpose for our study was to measure the concentrations of the non-protein-

bound ertapenem in interstitial fluids of two different SSSI target sites (skeletal muscle and 

subcutaneous adipose tissue) by microdialysis after administration of a single intravenous 

standard dose (1g/day).  The results show that ertapenem reaches measurable concentrations in 

both target tissues.  As expected, time versus concentration profiles indicate that free ertapenem 

concentrations in interstitial space fluids were lower than the corresponding total concentrations 

in plasma (Figure 4-1).  The tissue levels measured in our study corresponded approximately to 

the free protein-unbound fraction of ertapenem in plasma (4-16%).  Free interstitium / total 

plasma concentrations ratios for skeletal muscle and subcutaneous adipose tissue were not 

congruent, a finding that has been observed previously and that might be explained by 

differences in local blood flow between the two tissues (27). 

Finally, the question arises: Are the free, protein-unbound ertapenem concentrations in the 

interstitial space fluids of muscle and subcutaneous adipose tissue high enough to kill the 
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bacteria effectively?  Like other β-lactam antibiotics, carbapenems exert their killing effect in a 

time-dependent manner (53, 231).  In this category of antibacterial drugs, increasing the 

concentrations above 4 – 5 times the MIC of the bacteria no longer adds a proportional increase 

in the killing effect.  Therefore, maximum killing is obtained by optimizing the time of exposure 

of the drug to the bacteria so that the concentrations remain above the MIC as long as possible.  

The main pharmacokinetic/pharmacodynamic (PK/PD) parameter for β-lactams is the proportion 

of time of the dose interval during which the drug concentration exceeds the MIC (T>MIC).  For 

carbapenems a T>MIC of 30 to 40% of the dose interval has been previously suggested to be 

effective due to their rapid bactericidal activity (186).  In vitro studies demonstrated that 

ertapenem inhibited 90% (MIC90) of methicillin-susceptible Staphylococcus aureus strains at 

0.25 mg/L (91, 154).  Against Streptococcus spp., ertapenem had a MIC of 0.5 mg/L and against 

extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae MIC90 values ranged 

from 0.03-0.06 mg/L (91, 154, 155).  Ertapenem MIC90 values for Bacteroides fragilis and other 

anaerobe bacteria were ≤1.0 mg/L (154).  In this study, protein-unbound ertapenem 

concentrations 12 h after a single intravenously administration of 1 g were 1.13 ± 0.68 mg/L for 

muscle tissue and 0.31 ± 0.16 mg/L for subcutaneous adipose tissue.  Therefore, a 1 g dose once 

daily results in muscle tissue concentrations higher than MICs of most above-mentioned SSSI 

pathogens for at least 50% of the entire dosing interval.  Also the mean concentrations in 

subcutaneous adipose tissue exceeded the time above the MIC90 of SSSI pathogens by at least 

30% (Figure 4-1). 

From this finding we can conclude, that the data obtained in this study suggest adequate 

free, protein-unbound ertapenem concentrations in the non infected interstitial fluid of muscle 
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and subcutaneous adipose tissue.  Our results support the previously observed clinical efficacy of 

ertapenem in the treatment of skin and skin-structure infections. 
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Table 4-1. Non-compartmental pharmacokinetic analysis of ertapenem after 1 g single 
intravenous dose 

Parameters Plasma Muscle Subcutis 
Cmax (mg/L) 103.3 ± 26.3 6.71 ± 4.14 3.96 ± 1.63
Tmax (h) 0.5 (NA) 2.0 (1.0 – 3.0) 1.0 (1.0 – 2.0)
C12 (mg/L) 7.93 ± 4.15 1.13 ± 0.68 0.31 ± 0.16
AUC0-last (mg·h/L) 316.1 ± 49.1 36.7 ± 23.4 17.4 ± 4.0
AUC0-∞ (mg·h/L) 359.7 ± 66.5 41.1 ± 26.0 19.5 ± 4.9
Terminal half-life (h) 3.77 ± 0.60 3.38 ± 0.68 3.63 ± 0.85
MRT (h) 4.58 ± 0.88 ND ND
Vz (L) 15.5 ± 3.4 ND ND
Cltot (L/h) 2.88 ± 0.51 ND ND
AUCinterstitium/AUCtotal plasma - 0.13 ± 0.10 0.05 ± 0.01
Data are presented as geometric mean ± standard deviation, with the exception of Tmax, for which 
median and minimum-maximum ranges are given. C12 = Ertapenem concentrations obtained 12 h 
after start of infusion. 
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Figure 4-1. Comparison of ertapenem concentration profiles in plasma (total concentration) with 

unbound tissue concentrations in skeletal muscle fluid and interstitial adipose tissue 
fluid in healthy volunteers (n = 6) after a single intravenous dose of 1 g (infusion 
period 30 min).  Horizontal lines indicate MIC90 values for Bacteroides fragilis      
(——), Streptococcus spp. (−··−), methicillin-susceptible Staphylococcus aureus 
(―――), and extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae 
(··········). 
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CHAPTER 5 
INTEGRATION OF MODELING AND SIMULATION IN DEVELOPMENT OF NEW ANTI-

INFECTIVE AGENTS – MIC VS. TIME-KILL CURVES4 

Introduction 

Historically, clinical pharmacology is divided into two main areas – pharmacokinetics 

(PK) and pharmacodynamics (PD).  While PK describes what the body does to the drug, PD 

evaluates what the drug does to the body.  In isolation, PK and PD are of limited usefulness and 

a mechanism-based linkage of PK and PD is essential in order to design a rational drug 

development plan (68, 69, 175, 176).  In practice, numerous complex interactions between drug, 

patient and disease state can make this task quite challenging.  Identification of specific, 

consistent and reliable biomarkers offers a solution to this challenge and is commonly employed 

in rational drug development (47).  Once suitable biomarkers are identified, they are 

incorporated into PK/PD modeling and simulation approaches in order to predict clinical 

endpoints of new doses and dosing regimens.  In the area of infectious diseases, to date, 

minimum inhibitory concentration (MIC) has fulfilled this role as a well-established and 

routinely determined PD parameter for antibiotics.  According to the Clinical and Laboratory 

Standards Institute (CLSI, formerly National Committee for Clinical Laboratory Standards 

NCCLS), MIC is defined as the lowest concentration of drug that completely inhibits visible 

growth of the organism as detected by the unaided eye after an 18-24 hour incubation period 

with a standard inoculum of approximately 105 CFU/mL (188).  MIC-based PK/PD indices such 

as T>MIC, AUC/MIC and Cmax/MIC have been introduced into anti-infective drug therapy (182, 

183).  Although this use of MIC combined with pharmacokinetic parameters has led to a much 

better understanding of antibiotic dosing, the MIC is still an imprecise threshold with several 

                                                 
4 Copyright © Informa Pharmaceutical Science, [Expert Opin. Drug Discov. 2: 849-860, 2007] 
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limitations (e.g. inter MIC test variability, inability to account for changes in free antibiotic 

concentration over time) that does not allow prediction of antimicrobial activity at concentrations 

apart from the MIC itself (148, 216, 231). 

The purpose of this review paper is to 1) evaluate MIC and MIC-based PK/PD indices, 2) 

introduce an alternative PK/PD modeling approach, 3) discuss strengths and weaknesses of both 

approaches and 4) give a perspective for future research in the field. 

PK/PD Strategies for Anti-Infectives 

Effect of Drug Binding 

Most drugs can be bound to proteins or other biological material and hence are present in 

the body in bound and free form.  It is a well-recognized fact that for small molecules only free 

drug is pharmacologically active (13, 59, 200).  Therefore, for PK/PD modeling, the use of free 

drug is recommended and indicated by the prefix ƒ in the PK input function (183).  In most 

cases, free, unbound drug concentrations in well-perfused tissue seem to correlate well with 

unbound concentrations in plasma and can therefore be estimated from total plasma 

concentrations (59).  Since alteration of the fraction unbound (fu) does not necessarily result in 

changes in free steady-state concentrations (45, 255), oversimplifications estimating free, 

unbound concentrations especially of highly bound drugs might lead to wrong conclusions.  This 

scenario becomes even more complex in patient populations where altered physiological 

conditions such as liver function, uremia or hypoalbuminemia need to be taken into 

consideration.  It has further been shown that protein binding results determined in vitro might 

need to be interpreted with care (200).  Therefore, a close evaluation including metabolic and 

disease status is necessary.  The actual measurement of free, unbound concentrations at the site 

of action/infection using microdialysis is an alternative way to precisely determine the PK input 

function. 
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MIC-Based PK/PD Indices 

MIC-based indices are intended to normalize the drug exposure (PK) to the respective 

sensitivity (MIC).  The first PK/PD index was developed for penicillins where in vivo 

antimicrobial efficacy was correlated to the time free or total drug levels stay above the MIC 

(ƒT>MIC or T>MIC, respectively) of the target organism.  Other commonly used indices are the free 

or total maximum plasma concentration over MIC ratio (ƒCmax/MIC or Cmax/MIC) and free or 

total area under 24 hour plasma concentration time curve over MIC ratio (ƒAUC24/MIC or 

AUC24/MIC) (147, 183, 225).  Although some authors suggest a further index differentiation 

within the drug class (6, 52, 272), ƒT>MIC ≥ 40% of the dosing interval seems to be sufficient for 

clinical efficacy of β-lactam antibiotics (49-51, 90, 167, 170, 237).  In comparison, Cmax/MIC 

values of 10-12 seem to be a good predictor for aminoglycosides (125, 180, 223, 256).  For 

fluoroquinolones, AUC24/MIC or Cmax/MIC ratios seem to be the best index (8, 113, 201, 205, 

223, 272).  Target AUC24/MIC values of 100-125 have been identified for gram-negative 

bacteria (39, 49, 89, 252), 25-35 for gram-positives pathogens (49) and Cmax/MIC values of 10 

(205).  The magnitude of the fluoroquinolone PK/PD index needed is still controversially 

discussed and seems to vary with type of infection, fluoroquinolone, pathogen, immune status 

and degree of protein binding (6, 205).  At this point, we strongly agree with other authors 

stating that only free, unbound and pharmacologically active fraction should be used and 

appropriately marked to calculate respective PK/PD indices (4, 183, 272). 

Based on these MIC-based PK/PD indices dosing, regimens can be optimized to ensure 

efficacy and minimize the emergence of resistance.  This becomes particularly important in 

special patient populations, such as neonates or elderly, where there is a lack of sufficient data on 

the efficacy of dosing regimens (62).  In drug development, the good correlation of clinical 
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outcome with ƒT>MIC, ƒCmax/MIC and ƒAUC/MIC makes them a valuable predictor for the 

efficacy of new drugs or dosing regimens.  For example, treatment of drug-resistant pulmonary 

tuberculosis (TB) with ofloxacin 10mg/kg QD was successfully suggested to be sufficient based 

on determined ƒCmax/MIC ratios (7.7-15.4) and a long β half-life (46). 

However, relationships based on MICs suffer from numerous drawbacks.  While 

antibacterial activity is a dynamic process, MIC is a crude mono-dimensional threshold value 

that shows a high variability due to its determination (202).  Depending on the method used (E-

test, Kirby Bauer test, broth/agar dilution method, etc.), results can vary dramatically.  As a 

consequence, MICs are often reported as a range of concentrations instead of a single value.  

Consequently, MIC-based indices and predictions are highly variable as well.  Hence, it was 

suggested that for any calculation or expression of the MIC a description of the method by which 

the MIC was determined should be mentioned (182, 183).  At present, regulatory authorities are 

also working on global standardization of MIC methods (183). 

Time-Kill Curve-Based PK/PD Indices 

To overcome limitations of the MIC, subsequent sampling of bacterial counts in vitro or in 

animals can be used to provide a time course of antimicrobial action (time-kill curve).  In 

general, there are two different types of time-kill curves, based on constant concentrations, or on 

fluctuating concentrations (dynamic models) (226, 230, 231).  The constant concentration model 

simulates the steady-state concentration obtained in vivo after constant rate infusion.  In this 

approach a set of culture flasks containing bacteria and nutrient are exposed to different 

antibiotic concentrations, usually multiples of the MIC, for a certain incubation time.  Samples 

are taken at preset time points and plated on appropriate agar plates. Bacterial counts are taken 

and then plotted as CFU/mL against time. 



 

86 
 

Dynamic models try to reflect the change in drug concentration that occurs in vivo (Figure 

5-1) (164).  In order to simulate the half-life, drug- containing medium is removed from the flask 

and replaced by fresh medium.  This can either be done manually using syringes or automatically 

by employing pumps.  Microfilters (0.2μm) placed between flask- and pump system prevent the 

bacteria from washout.  Additional flasks can be used to simulate a multi-compartment scenario.  

This ability to mimic the PK of a drug for one- and multi-compartment-body models makes the 

dynamic model a very powerful PK/PD prediction tool (231).  Detailed descriptions of the 

experimental setting of these models and their applications can be found elsewhere (164, 188, 

198, 206).  Once the time-kill curve experiments are performed, a mathematical model can be 

identified to describe the data.  Before discussing these models in greater detail, a general 

concept of how they link PK and PD together is provided in the following section. 

The rationale for PK/PD-modeling is to link PK and PD in order to establish and evaluate 

dose-concentration-response relationships and subsequently describe and predict the effect-time 

courses resulting from certain doses (69, 175).  Keeping in mind that “all models are wrong, but 

some are useful”, PK/PD models represent a simplification of the real physiological process (22).  

They can either be purely descriptive, regardless of the actual mechanism of action, or they can 

be mechanism-based appreciating the underlying physiological events (69).  In any case, PD 

effects can either be directly correlated to plasma concentrations (direct link model) or show a 

time delay (indirect link model).  Plotting effect vs. plasma concentration results in a single 

curve for direct link or a hysteresis loop for indirect link models, respectively (38).  Definition of 

a hypothetical effect-compartment (Figure 5-2) offers an elegant solution for this problem and 

leads to a collapse of the hysteresis loop in the concentration-effect relationship (69, 109, 110).  

Hence, either the measured or calculated free plasma concentration (direct link model) or free 
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concentration in the effect compartment ƒCe (indirect link model) serves as the PK input 

function.  This PK input function is then combined with an appropriate PD model.  However, 

drug interacting with its target at the effect site may not necessarily result in a “direct response”.  

Whenever, the mechanism of action involves a time-dependent physiological process (e.g. the 

down-regulation or synthesis of receptors or transporters), the response will occur with a certain 

time delay.  In such cases, indirect response models are fitted to the data accounting for the 

temporal dissociation between concentration- and effect-time courses. 

Pharmacodynamic Models 

To appropriately describe effects over time relationships, different PK/PD models have 

been established (67).  Of those, Emax- and sigmoidal Emax-models are most commonly used in 

PK/PD modeling.  Especially modified sigmoidal Emax-models have found great acceptance in 

describing PK/PD of antibiotics.  An example is shown in equation 5-1 
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where dN/dt represents the change in number of viable bacteria, usually given as colony 

forming units per millilitre (CFU/mL) over time (188, 258).  Growth in the absence of antibiotic 

is characterized by the bacterial growth rate constant (k0) reflecting the rate of multiplication of a 

given pathogen in its surrounding environment.  However, in the presence of antibiotic, bacterial 

kill can be described by an Emax-model with the maximum killing rate constant (kmax), the free 

concentration of antibiotic necessary to produce 50% of the maximum effect (EC50) and the free 

concentration of antibiotic in the effect compartment (ƒCe) at any time (t).  The general curve fit 

can be further optimized with a Hill or shape factor h that modifies the steepness of the curve.  A 

delayed onset in growth and/or kill might make the addition of further factors necessary (258). 
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A brief outline of the mathematical relationships underlying time-kill curve modeling was 

provided by Mueller et al. and is illustrated in the following scenario (188).  Starting out with an 

initial inoculum N0 of 5x105CFU/mL, a hypothetical bacterial strain X grows in the absence of 

antibiotic (ƒCe = 0) with k0.  Plotting the number of bacteria at time t (Nt) vs. time on a semi-log 

scale results in a straight line with a growth rate of k0 as the slope as shown in equation 5-2 and 

Figure 5-3. 

0
0t k

t
lnNlnN

slope =
−

=  (5-2) 

However, it should be noted that Figure 5-3 shows ideal growth behavior.  In practice, the 

in vitro exponential growth phase is limited by nutritional and environmental constrains resulting 

in slower growth rates that can be modelled by additional parameters (258).  These factors are 

dependent on strain(s), antibiotic(s) and experimental conditions used (172, 194, 258, 264).  For 

didactic reasons, these factors were not included in the simulations presented in Figure 5-3. 

Addition of an antibiotic A to the inoculum results in a diminished net-growth.  From a 

certain drug-specific ƒCe, a maximum effect will be reached, where a further increase in ƒCe 

does not contribute to the antimicrobial efficacy any longer.  Solving equation 5-1 for ƒCe >> 

EC50 leads to equation 5-3. 
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At such high antibiotic concentrations the antimicrobial effect is not dependent on ƒCe any 

longer.  The slope of this “maximum effect curve” is defined by equation 5-4 as the difference of 

k0 and kmax (Figure 5-3). 
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( ) Nkk
dt
dN

max0 ×−=  (5-4) 

Since EC50 is defined as the concentration of antibiotic necessary to produce 50% of the 

maximum effect kmax, it can be illustrated as the bisecting line of the angle formed by growth 

control (zero effect) and maximum kill effect as shown in Figure 5-3.  A general statement 

whether the EC50 is equal to, smaller or bigger than the MIC cannot be made.  A special case 

occurs when antibiotic induced kill equals growth and so the number of bacteria stays constant 

resulting in a horizontal line.  The respective concentration of antibiotic in this scenario is 

referred to as stationary concentration (SC) (187).  It can be calculated using equation 5-5 and is 

different than the MIC. 
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However, to date, MIC is more commonly used as a pharmacodynamic measure than SC.  

Being defined as the lowest concentration of drug that completely inhibits visible growth of the 

organism as detected by the unaided eye after an 18-24 hour incubation period, the MIC value is 

linked to a turbidity threshold.  This threshold is reached for most bacteria at concentrations of 

approximately 107 CFU/mL (Figure 5-3) (188, 202). Substitution of ƒCe by the MIC in equation 

5-1 leads to equation 5-6. 
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Rearranging and integration of equation 5-6 on both sides results in equation 5-7. 
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As shown in Figure 5-3, the MIC turbidity limit is reached after an incubation time t of 18 

hours. Solving the integral in equation 5-7 with a lower limit N0 of 5.5x105CFU/mL and an 

upper limit NMIC of 107CFU/mL leads to equation 5-8. 
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Rearranging for the MIC leads to equation 5-9. 
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Considering that the concentration of antibiotic remains constant throughout the entire 

MIC experiment, kmax, EC50 and h remain the only variables in equation 5-9.  Since k0 is a 

constant for a given strain X in a given medium as well, k0, N0, NMIC and t can be combined to a 

drug independent constant d as shown in equation 5-10 (188). 
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The resulting MIC equation has three unknowns and hence it cannot unambiguously 

describe the effect-time course for a given antibiotic concentration.  Consequently, kmax, EC50 

and h have to be determined separately to clearly specify the antimicrobial properties of a drug 
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against a certain pathogen.  Equation 5-10 clearly illustrates that the same MIC value can be a 

product of different combinations of kmax, EC50 and h. 

Once these relationships have been evaluated and validated, time-kill curve based indices 

can be used to compare different doses, dosing regimens or dosage forms.  The suitability of a 

new ciprofloxacin extended-release dosage form (1000mg, QD) was compared to the outcome of 

the standard dose (500mg, BID) (230).  Ciprofloxacin PK parameters were determined from 

mean serum concentrations (N=19) using non-compartmental and compartmental data analysis 

and linked to PD parameters determined from in vitro time-kill curve experiments against E. coli.  

Comparison of expected kill curves with the immediate-release versus extended-release 

treatments showed similar outcome.  Therefore, a once daily dosing regimen was suggested, due 

to its similar efficacy but superior patient compliance compared to traditional immediate release. 

PK/PD Simulations 

Monte Carlo simulation 

Both MIC and time-kill curve parameter do not account for variability in either patient or 

bacterial population.  Instead, mean values or concentration ranges are evaluated.  One approach 

to incorporate variability among clinical PK and PD is using Monte Carlo simulation (MCS) as 

an advanced statistical modeling tool.  MCS allows prediction of therapeutic outcome based on 

an integrated PK/PD stochastic model for a drug or dosing regimen (2, 197).  The first step in a 

MCS is to estimate mean PK parameters and their associated variability for a desired patient 

population and dosing regimen.  This can be done by using analysis tools such as population 

pharmacokinetics (POPPK) (231).  From this multivariate distribution data pool, values are 

randomly picked and a PK profile is simulated.  This random selection process is repeated 

multiple (e.g. 5,000) times and respective PK profiles for these hypothetical patients are obtained 

(159).  Together, they give a range of possible PK profiles.  This information can now be used to 
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estimate the probability with which a predefined PK/PD index (e.g. ƒT>MIC = 40%) is reached for 

that particular MIC.  Whether this target is attained for a range of MICs can be calculated by 

summing up the products of frequency of specific MIC values and their respective probability of 

target attainment (159).  This ability of predicting the likelihood of a certain outcome to occur 

has been used by numerous investigators to optimise dosing of drugs or drug combinations in 

both pre- and post-marketing studies (137, 159, 184, 231).  This approach has also been applied 

to compare potencies of different drugs, determine susceptibility break points for initial human 

trials and help selecting drugs (5), doses and dosing regimens (65, 77, 138, 160) in healthy, renal 

impaired (248) and elderly patient populations (3, 160, 203). 

In a recent study, PK modeling and MCS (10,000 subjects) were performed to describe the 

PD profile of cefepime in plasma and cerebrospinal fluid (CSF) (158).  PK data of 7 hospitalised 

patients with external ventricular drains was used for MCS in order to estimate the probability of 

attaining targets of ƒcefepimeplasma (20% plasma protein binding) and total cefepimeCSF of 50 to 

100%T>MIC for MICs of 0.06-8mg/L.  Calculations were performed for short-term infusions (0.5 

hours) of 2g cefepime TID and BID or QD plus continuous infusion (250mg/h).  Results indicate 

that in plasma, targets attainment rates of ƒT>MIC 60-70% were high at each MIC (0.03-8mg/L) 

for all dosing regimens examined.  However, at MICs > 0.5mg/L, indices of T>MIC 50-100% 

were not reached for more than 80% of the patients.  As shown, MCS is an important simulation 

tool employed in the establishment of new dosing regimens. 

To date, most MCS are performed using MIC rather than model based PK/PD indices as 

the therapeutic target.  Since the MIC is not an intrinsic property of a microorganism, its use as a 

single point estimate oversimplifies the dynamic process of growth and natural or antibiotic 
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induced kill (187, 226).  In future approaches the use of time-kill parameters in MCS approaches 

might provide more detailed information than the MIC. 

Time-kill curve based simulations 

The relationships derived in the previous sections are not only of theoretical interest but 

can also be used to simulate clinical outcome.  In the following it will be shown that time-kill 

curve based indices provide more reliable information than MIC based indices. 

Simulations were performed for the β-lactam antibiotics faropenem and ceftriaxone for a 

TID and BID dosing regimen, respectively.  It has been shown for β-lactams that the free 

antibiotic concentration has to exceed the MIC for at least 40% of the dosing interval in order to 

be clinically effective.  Maximal efficacy for cephalosporins in several animal infection models 

was shown for Enterobacteriaceae and Streptococci when ƒT>MIC in serum exceeded 60%-70% 

of the dosing interval (51).  Therefore, breakpoint values of ƒT>MIC = 40% and ƒT>MIC = 67% 

(2/3 of the dosing interval) have been chosen for our simulation.  Intravenous doses necessary to 

maintain steady state concentrations above these breakpoints were calculated from PK data given 

in the literature, using a one-compartment body model with a first order elimination rate constant 

ke and correcting for plasma protein binding (130, 244).  Mean plasma protein binding for 

ceftriaxone and faropenem was assumed to be 90% (211, 212) and 96% (20), respectively.  

Respective PD parameters of Streptococcus pneumoniae CDC 145, Streptococcus pneumoniae 

ATCC 6303 and Haemophilus influenzae ATCC 10211 were determined and are listed in Table 

5-1 (129, 130, 153). 

In the first scenario (A), kill-curves of faropenem against Haemophilus influenzae ATCC 

10211 and ceftriaxone against Streptococcus pneumoniae CDC 145 were simulated and the 

outcomes were compared.  For ƒT>MIC = 40%, failure in antimicrobial treatment is predicted for 

both drugs (Figure 5-4 A).  In comparison, treatment with faropenem is able to reduce the 
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number of H. influenzae by ~ 3 log steps (Figure 5-4 B), while treatment with ceftriaxone still 

remained ineffective against S. pneumoniae for ƒT>MIC = 67%.  Faropenem given TID appeared 

to be more effective against H. influenzae ATCC 10211 than ceftriaxone given BID against S. 

pneumoniae CDC 145.  However, a direct comparison of both dosing regimens is rather difficult, 

since S. pneumoniae CDC 145 and H. influenzae ATCC 10211 show different growth rates 

(equation 5-9, Table 5-1). 

Hence, a second set of simulations (B) was performed evaluating the antimicrobial potency 

of faropenem (TID) and ceftriaxone (BID) against S. pneumoniae ATCC 6303 for ƒT>MIC = 40% 

and ƒT>MIC = 67%, respectively.  Simultaneous simulations of scenario B predicted a failure of 

the treatment with ceftriaxone for both dosing regimens (Figure 5-4 C and 5-4 D).  The ƒT>MIC = 

40% dosing regimen is predicted to be ineffective for faropenem, while total eradication of S. 

pneumoniae ATCC 6303 is predicted after 36 hours, adjusting for ƒT>MIC = 67% (Figure 5-4 D).  

Based on ƒT>MIC = 40%, a false positive treatment outcome is predicted for both treatment 

regimens. 

Discussion and Conclusion 

In comparison to the single endpoint MIC, modelled time-kill curve parameters provide 

more detailed information.  These parameters describe the antimicrobial effect over time.  This 

additional information can then be further used to optimise the dosing regimen.  However, time-

kill curve analysis is a very labour intensive method.  Due to the fact that quite a large number of 

time-kill curves are necessary to allow sufficient evaluation of concentration- and time-effect 

relationships, time and manpower are limiting factors.  Considering the current speed of 

technical development, these limitations are likely to be counterbalanced by improved 

experimental analysis techniques and automation in the future. 
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Since MIC and time-kill curves are performed in vitro, both have limitations with respect 

to their predictability of in vivo situations.  Conditions simulated in vitro are much less complex 

than the actual in vivo situation.  Drug can be bound to proteins, growth-rates might be altered in 

human fluids and infection is usually affected by the immune system.  In vivo protein binding 

and altered growth can be simulated by performing time-kill curves in human serum or animal 

experiments (75).  In many cases, the immune system of the test animal has to be knocked out in 

order to facilitate an infection.  However, a complete suppression of the host defense may only 

apply to a special patient population undergoing chemotherapy (e.g. HIV, cancer, transplants).  

Therefore, an extrapolation of results determined in vitro to in vivo can lead to an overestimation 

of the antibiotic effect (231).  Although these experiments cannot fully reflect the situation in 

humans, valuable data can be generated for the development of dosing regimens and therefore 

have become inexpensive alternatives to clinical trials (143, 268).  However, the above 

discussion assumes a homogenous population of bacteria with a single MIC or EC50, 

respectively.  In reality this is rarely the case and more complex approaches are needed to 

adequately evaluate these situations (37, 75, 146, 230). 

Based on data from in vitro, animal experiments and clinical trials, mathematical models 

can be developed that provide insight into the population dynamics underlying the emergence of 

antimicrobial resistance.  Models accurately predicting the outcome of antimicrobial therapy can 

then be used to evaluate different dosing regimens that are able to prevent resistance 

development (37, 100).  While emergence of resistance is indicated by increasing MIC values, 

only with continuous sampling over time, distinct evaluation of resistance development can be 

assessed.  However, models needed to describe these resistance scenarios can become fairly 

complex and much more work needs to be done to develop and validate new time-kill curve 
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based resistance models.  Once these models have been established and validated, much more 

information can be extracted from them than from MIC indices (230). 

In conclusion, both MIC and time-kill curve approaches have limitations but their 

introductions into antimicrobial therapy were milestones in making educated dose 

recommendations compared to previous empirical treatment of most likely disease causing 

pathogens. 
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Table 5-1. Pharmacokinetic and pharmacodynamic parameters for ceftriaxone and faropenem 
used for the simulations. 

Parameter Scenario A Scenario B 
Faropenem 
versus 
H. influenzae 
ATCC 10211 

Ceftriaxone 
versus 
S. pneumoniae 
CDC 145 

Faropenem 
versus 
S. pneumoniae 
ATCC 6303 

Ceftriaxone 
versus 
S. pneumoniae 
ATCC 6303 

MIC determined (mg/L) 0.5 0.64-1.28 0.01-0.02 0.01-0.02

MIC calculated (mg/L) 0.42 1.09 0.01 0.018

Dosing interval (h) 8 12 8 12

Vd (L) 15.9 7 15.9 7

ke (h-1) 0.693 0.087 0.693 0.087

fu in plasma 0.04 0.1 0.04 0.1

k0 (h-1) 0.98 1.44 1.67 1.5

kmax (h-1) 1.79 2.47 3 2.6

EC50 (mg/L) 0.5 1.063 3 2.6

h 1 2.5 1 2.5
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Figure 5-1. Design of in vitro model.  (A) Culture vessel; (B) construction to clamp the upper and 
bottom part together; (C) magnetic stirrer; (D) side arm for sampling; (E) side arm for 
supplying fresh medium; (F) vessel containing fresh medium; (G) pump. 
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Figure 5-2. Two-compartment body model with additional effect compartment 
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Figure 5-3. Growth/kill curves at different drug concentrations to illustrate k0, kmax, EC50, MIC 
and SC relationship 
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Figure 5-4. Simulated time-kill curves and respective growth controls of faropenem against 
Haemophilus influenzae ATCC10211 (solid line) and ceftriaxone against 
Streptococcus pneumoniae CDC145 (dotted line).  For the therapeutic target A) T>MIC 
= 40% and B) T>MIC = 67%, as well as, faropenem (dash-dotted line) and ceftriaxone 
against Streptococcus pneumoniae for the therapeutic target C) T>MIC = 40% and D) 
T>MIC = 67% compared to growth control (solid line). 
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CHAPTER 6 
PHARMACOKINETIC/PHARMACODYNAMIC MODELING OF THE IN VITRO ACTIVITY 

OF OXAZOLIDINONE ANTIBIOTICS AGAINST METHICILLIN-RESISTANT 
STAPHYLOCOCCUS AUREUS5 

Introduction 

Gram-positive pathogens are a major cause of a wide range of infections, including skin 

and skin structure infections (SSSI) and life-threatening infections like bacteremia, endocartitis 

and pneumonia (163, 227).  Treatment of these infections has become increasingly challenging 

due to the rapid development of resistance against “first choice” antibiotics.  In many cases, 

physicians are left with no other choice than using highly potent “last resort” antibiotics, such as 

vancomycin, on a daily basis.  However, with the appearance of vancomycin-resistant strains, for 

example vancomycin-resistant Staphylococcus aureus (VRSA) or vancomycin-resistant 

enterococci (VRE), the once powerful antibiotic arsenal has become ineffective (42, 124).  

Therefore, it is critically important to develop new potent antibiotics or antibiotic classes to 

successfully treat these infections. 

In 2000 the FDA approved with linezolid the first representative of a novel class of 

antibiotics, the oxazolidinones.  At the time of approval, linezolid was one of the few agents that 

showed activity against vancomycin-resistant strains (40, 72).  However, resistances against 

linezolid have been reported as early as 2002 (104, 259).  In addition, toxic side effects such as 

reversible thrombocytopenia, neutropenia or rarely neuropathy have occurred during prolonged 

use (43, 149, 239).  Due to these limitations there is a definite opportunity to develop new 

oxazolidinones with improved pharmacokinetic/pharmacodynamic (PK/PD) properties.  RWJ-

416457 is a new investigational oxazolidinone that is being developed as both an oral and an 

intravenous formulation for the treatment of infections caused by clinically important Gram-

                                                 
5 Manuscript under submission with Antimicrob Agents Chemother. 
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positive bacteria.  Compared to linezolid, RWJ-416457 has a Minimum Inhibitory Concentration 

(MIC) that is two- to four-fold higher antimicrobial activity against multidrug resistant Gram-

positive pathogenic bacteria, including methicillin-resistant Staphylococcus aureus (MRSA), 

vancomycin-intermediate susceptible Staphylococcus aureus (VISA), VRSA, VRE, and 

penicillin-resistant streptococci (87, 157).  Although the MIC is routinely determined in clinical 

settings and has contributed much to the understanding of antibiotic dosing, it does not provide 

any information on the time course of bacterial growth or antibiotic-induced kill (188, 231).  

More detailed information can be obtained from the evaluation of growth and kill profiles over 

time (time-kill curve).  A major strength of the time-kill curve approach is its capability of 

simulating the effect of changing concentrations on the antimicrobial outcome.  Changing 

concentration time-kill curves can, subsequently, be used to evaluate the efficacy of antibiotics 

with different half-lives (t1/2). Once these experiments have been performed, a mathematical 

model can be simultaneously fitted to the data and respective PD parameters calculated.  These 

PD parameters can then be linked to in vivo PK information to predict clinical outcome. 

The aim of this study was to 1) establish a general mathematical model that is appropriate 

for characterizing the in vitro PD of oxazolidinones determined in constant, as well as, changing 

concentration time-kill curve experiments and 2) to apply this model in order to compare the in 

vitro potencies of investigational RWJ-416457 (t1/2 ~ 24h) and first-in-class representative, 

linezolid (t1/2 ~ 5h). 

Material and Methods 

Antibiotics and Growth Media 

RWJ-416457 and linezolid were provided by Johnson & Johnson Pharmaceutical Research 

& Development L.L.C. (Raritan, NJ, USA).  Compounds were stored at 4oC in the original 

opaque vials.  RWJ-416457 and linezolid stocks were prepared fresh daily prior to use, kept at 
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room temperature and diluted to the desired concentrations with Mueller-Hinton broth (MHB; 

DIFCO, Lawrence, KS, USA). MHB was prepared according to the manufacturer’s manual and 

autoclaved prior to use at 121oC (15 min per 1L). 

Organisms 

MRSA OC2878 was obtained from Johnson & Johnson Pharmaceutical Research & 

Development L.L.C. (Raritan, NJ, USA).  To ensure purity of the MRSA strain, colonies were 

plated on 5% sheep blood agar plates (Remel Microbiology Products, Lenexa, KS, USA) at least 

three times from overnight cultures before usage. 

Bacterial inocula for MIC and time-kill curve experiments were prepared in sterile saline 

solution and adjusted with MHB to a final concentration of approximately 5x105 colony forming 

units per milliliter (CFU/mL). 

MIC Determination 

MIC values of RWJ-416457 and linezolid against MRSA OC2878 were determined in 24-

well plates (Corning Inc., NY, USA) using a modified Macrodilution Broth method (258).  The 

first dilution where no visual turbidity appeared after a 20-hour incubation period was 

determined to be the MIC.  The procedure was repeated six times per bacterial strain and 

antibiotic.  Positive controls (with bacteria, no drug) and negative controls (no bacteria, no drug) 

were run simultaneously in order to assess the method. 

Constant Concentration Time-Kill Curves 

An in vitro model was used to investigate the effect of constant RWJ-416457 and linezolid 

concentrations on MRSA OC2878.  This in vitro model consisted of eight 50mL cell culture 

flasks (NuncTM, Nunc A/S, Roskilde, Denmark).  Flasks were filled with 20mL MRSA OC2878-

containing MHB (~5 x 105 CFU/mL) and incubated for two hours before adding the antibiotic.  

Selection of the RWJ-416457 and linezolid concentration range tested was based on their 
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respective MIC values and included minimum antimicrobial activity (0.25xMIC, 0.5xMIC, 

1xMIC), efficient bacterial killing (2xMIC, 4xMIC), as well as, maximum kill effect (8xMIC, 

16xMIC) (258).  In addition, a growth control (no antibiotic) was also run simultaneously.  

Culture flasks were incubated and bacterial counts were subsequently determined at predefined 

time points for up to 24 hours.  Samples (20μL) were taken directly out of the flasks, diluted in 

ten-fold increments and plated onto 5% sheep blood agar plates using an adopted droplet-plate 

method (258).  Bacterial counts were determined on all countable plates (limit of bacterial 

quantification 15-200 CFUs) after a 20-hour incubation period.  All constant concentration time-

kill curve experiments were run in triplicate on separate occasions. 

Changing Concentration Time-Kill Curves 

An in vitro syringe model was used to study the effect of changing antibiotic 

concentrations on MRSA OC2878.  This dynamic in vitro model was based on that used in the 

constant concentration experiment and consisted of eight cell culture flasks, each equipped with 

an additional syringe system.  These syringe systems allowed simulating the human half-lives of 

RWJ-416457 (~24h) and linezolid (~5h) (95, 127) by subsequent replacement of antibiotic-

containing MHB with fresh, antibiotic-free medium.  To avoid dilution of the bacterial inoculum 

during the removal/replacement process, sterile filters (0.22μm, Millipore, Billerica, MA, USA) 

were placed between flasks and syringes.  Prior to the start of the experiment, flasks were filled 

with 20mL MHB and incubated overnight to test for contamination.  At the day of the 

experiment, flasks were spiked with MRSA OC2878 (~5x105 CFU/mL) and incubated for 2 

hours before adding the respective antibiotic.  Initial RWJ-416457 and linezolid concentrations 

in the changing concentration experiment were similar to those employed in the constant 

concentration time-kill curve and ranged from 0.25 to 16xMIC.  The antibiotic inoculum was 

diluted during the 24-hour time course of the experiment by replacing 2.2mL RWJ-416457-
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containing MHB every 4 hours or 4.8mL linezolid-containing MHB every 2 hours with fresh 

antibiotic-free medium.  Samples were taken directly out of the flasks, diluted with sterile saline 

solution and plated onto 5% sheep blood agar plates using an adopted droplet-plate method 

(258).  Bacterial counts were determined on all countable plates (limit of bacterial quantification 

15-200 CFUs) after a 20-hour incubation period.  All changing concentration time-kill curve 

experiments were run in triplicate. 

Drug Stability 

To ensure stability of RWJ-416457 and linezolid during the 24-hour time course of the 

experiment, samples (500μL) were taken every 8 hours directly out of the flask containing the 

highest antibiotic concentration (16xMIC) and immediately frozen at minus 80oC.  Samples were 

analyzed by a validated high-performance liquid chromatographic-quadrupole mass 

spectrometric (LC-MS/MS) method. 

Mathematical Modeling 

A susceptibility-based two-compartment model (Figure 6-1) was used to characterize the 

constant, as well as, changing concentration time-kill curve data of both RWJ-416457 and 

linezolid.  In this model, the overall change in the experimentally determined total number of 

bacteria (N) was defined as the sum of bacteria susceptible to antibiotic (NS) and insusceptible 

persister cells (NP) as shown in equation 6-1. 

PS NNN +=  (6-1) 

Bacteria from both susceptibility stages can transform into each other with the 

transformation-rate constants ksp (h-1) and kps (h-1), respectively, as shown in Figure 6-1.  The 

initial fraction of bacteria in the susceptible or persister stage, respectively, was defined as F 

(0<F<1). 
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The change in number of susceptible bacteria over time dNS/dt could be sufficiently 

described by equation 6-2, 
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where kS (h-1) characterizes the growth-rate constant, kd (h-1) the natural death-rate constant, Nmax 

(CFU/mL) the maximum number of bacteria, dgs (h-1) the delay in the onset of growth, kmax (h-1) 

the maximum kill-rate constant, C (mg/mL) the antibiotic concentration, EC50 (mg/mL) the 

concentration necessary to produce 50% of the maximum effect and dks (h-1) the delay in the 

onset of kill. 

In comparison, the change in persister cells over time dNP/dt could be described as a 

function of susceptible cells entering the persister stage, as well as, persistent bacteria re-entering 

the susceptible stage and natural death of bacteria in the persister stage (equation 6-3). 

PdPPSSSP
P NkNkNk

dt
dN

×−×−×=  (6-3) 

Data Analysis 

This susceptibility-based two-compartment model was simultaneously fitted to the log 

transformed data of the constant, as well as, changing concentration time-kill curve experiments 

using a first-order conditional estimation (FOCE) method algorithm as implemented in 

NONMEM® 6 (Globomax, Hanover, MD, USA, ADVAN6).  Between-experiment variability 

was estimated on the model parameters using exponential error models.  The residual variability, 

which includes the within experimental variability and model mis-specification, was estimated 

using a log error model. 
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EC50 comparisons were performed using a two-sided, two-sample T-test.  A P value of < 

0.05 was considered statistically significant. 

Model Validation 

Evaluation of the model performance included diagnostic plots, Akaike information 

criterion (AIC), precision of the parameter estimates, as well as, visual inspection for the quality 

of fit.  The robustness of the final model was assessed in Wings for NONMEM 6 by a 

nonparametric bootstrap.  In the nonparametric bootstrap procedure, bacterial samples 

corresponding to one strain and concentration were sampled 1000 times with replacement from 

the original data set in order to obtain a new data set containing the same number of samples.  

The final model was fit individually to each of these new data sets and all population model 

parameters were estimated.  Results from the successful runs were determined and median 

bootstrapped parameter values (including a 90% bootstrap confidence interval) were compared 

to the final model predicted parameter estimates (80). 

Results 

MIC 

Using a modified Macrodilution broth method, a two-fold difference in MIC values 

(modes) against MRSA OC2878 was determined for RWJ-416457 (0.5μg/mL) and linezolid 

(1.0μg/mL), respectively. 

Constant Concentration Time-Kill Curves 

Constant concentration time-kill profiles of both RWJ-416457 and linezolid are shown in 

Figure 6-2A.  After an initial lag phase of about 2 hours, a ~2-2.5 log reduction in bacterial 

counts could be observed after 24 hours of antibiotic exposure at concentrations greater than 

eight times the MIC (8xMIC).  Concentrations necessary to produce this maximum kill effect 

were approximately two-fold lower for RWJ-416457 (4μg/mL) compared to linezolid (8μg/mL). 
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Changing Concentration Time-Kill Curves 

Changing concentration time-kill profiles (Figure 6-2B) show that after an initial ~2 log 

kill, all linezolid concentrations fail to prevent bacterial re-growth within 8 hours of exposure.  In 

contrast, RWJ-416457 concentrations of greater than eight times the MIC exhibit sufficient 

bacteriostatic activity after 24 hours of exposure. 

Drug Stability 

While linezolid was completely stable, approximately 10% of RWWJ-416457 degraded 

over the time course of 24 hours during the experiment (data not shown). Hence, the 

degradation-rate constant of RWJ-416457 was determined (assuming first-order degradation 

kinetics) and incorporated into the mathematical model. 

Mathematical Modeling 

The final PK/PD model was capable of describing the constant (Figure 6-2A), as well as, 

changing concentration (Figure 6-2B) time-kill curves of RWJ-416457 and linezolid against 

MRSA OC2878 reasonably well.  Corresponding model parameters (±MSE) are listed in Table 

6-1.  In the final model, Nmax, dgs and kd were estimated from the growth control data and 

assumed to be constant.  Furthermore, kps was fixed to zero (198).  Since the addition of a Hill 

factor did not significantly improve the overall fit, an Emax–model rather than a sigmoidal Emax-

model was used.  In addition, allowing for between-experiment variability on kps, F, kmax and 

EC50 using a log error model did significantly improve the final model fit. 

Model Validation 

Mean final model-predicted parameter estimates (±MSE) and results of the nonparametric 

bootstrap runs (n=1000) are in good agreement as shown in Table 1.  All parameter estimates 

from the final model lay within the 95% bootstrap CI.  When plotted against the data, population 

predicted values (Fig. 3A), as well as, individual predicted values (Fig. 3B) are uniformly and 
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randomly distributed around the line of identity.  In addition, no trend was observed when 

plotting weighted residual versus individual model predicted (Fig. 3C) and weighted residuals 

versus time (Fig. 3D).  In combination with the results of the nonparametric bootstrap run, the 

diagnostic plots indicate that the model is robust and shows good predictability. 

Discussion 

The selection of an appropriate dose and dosing regimen is a fundamental step for 

therapeutic success with any pharmacological agent (178).  For antimicrobial agents, the 

selection of the best drug and dosing scheme for a specific pathogen not only increases the 

chances of cure while preventing toxic side effects, but also decreases the probability of the 

infecting pathogen becoming resistant to the antimicrobial agent (123, 249).  With a good 

understanding of the dose-exposure relationship, or PK, and the exposure-response relationship, 

or PD, it may be possible to identify a quantitative link between the dose/dosing regimen on one 

hand, and the desired, as well as, undesired drug effects on the other hand.  For antibiotics, this 

link has been established by correlating PK parameters that are based on free (ƒ) plasma or 

serum concentrations to the MIC of the respective pathogen.  To date, three main MIC-based 

PK/PD indices have been identified for antimicrobials: the cumulative percentage of the dosing 

interval that the free drug concentration exceeds the MIC at steady-state conditions (ƒT>MIC), the 

area under the free concentration-time curve at steady-state divided by the MIC (ƒAUC/MIC) 

and the free peak level divided by the MIC (ƒCmax/MIC) (183).  However, the MIC as single 

point in time estimate is not capable of characterizing the time course of neither growth nor 

antibiotic-induced kill or the antibiotic effect at concentrations besides the MIC (188, 198, 231).  

In addition, the methodology to determine the actual MIC value has not yet been internationally 

standardized and is a source of variability between different MIC determination methods (183). 

To overcome these limitations, other susceptibility breakpoints, such as, the EC50 have been 
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suggested as the PD input for PK/PD indices.  The EC50 can be obtained, together with 

parameters characterizing bacterial growth and maximum antibiotic-induced kill, from 

continuous measurement of the antibiotic concentration-effect relationship over time (time-kill 

curves) (11, 198, 258).  In general, there are two different types of time-kill curves, based on the 

concentration profile used in these in vitro models, constant and changing concentration 

experiments (229).  While constant concentration models represent steady-state concentrations 

obtained after constant-rate infusion, changing concentration models try to simulate the change 

in antibiotic concentrations that occurs in vivo.  During changing concentration experiments, the 

desired concentration-time profile can either be generated manually by using syringes or 

automatically by employing pump systems.  However, it has been shown in previous 

experiments, that the flow-rate necessary to simulate a RWJ-416457 half-life of approximately 

24 hours is so slow that bacteria can actually grow back into the broth only reservoir and cause 

contamination.  In this case, the use of the pump systems is not desirable and, consequently, 

syringes have been used. 

Once the time-kill curve experiments have been performed, evaluation of the respective 

outcomes allows comparing the antimicrobial activity of RWJ-416457 and linezolid against 

MRSA OC2878 over a wide range of concentrations.  Qualitative analysis of the constant 

concentration time-kill curves revealed that the bacterial counts in these experiments are reduced 

by less than 3 log steps indicating that both RWJ-416457 and linezolid are bacteriostatic rather 

than bactericidal antibiotics (210).  It could be further shown that linezolid concentrations 

(8µg/mL) necessary to reach the maximum kill effect were approximately two-fold higher than 

the respective RWJ-416457 concentrations (4µg/mL).  These two-fold differences in the 

concentration-effect relationship were consistent with the observed two-fold differences in the 
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MICs (linezolid: 1.0µg/mL, RWJ-416457: 0.5µg/mL).  In theory, the increased antimicrobial 

activity could be explained by a higher potency or a larger number of molecules at the effect site.  

Yet, the molecular weights of linezolid (337.35g/mol) and RWJ-416457 (377.41g/mol) are not 

substantially different.  As a result, the increased activity of RWJ-416457 against MRSA 

OC28768 is explained by a higher potency rather than the number of molecules. 

In order to evaluate the effect of decreasing concentrations (according to the 

physiological half-life) on the antimicrobial outcome, changing concentration time-kill curves 

were performed.  Findings indicate that initial RWJ-416457 concentrations of 4µg/mL were 

sufficient to obtain bacteriostatic activity, whereas even four-fold higher initial linezolid 

concentrations (16µg/mL) failed to prevent bacterial regrowth after 24 hours of incubation.  

These findings imply that, compared to linezolid, the increased potency and prolonged half-life 

of RWJ-416457 may support a lower dose and/or increased dosing interval.  In order to identify 

an appropriate dosing regimen for RWJ-416457, time-kill curve-based modelling and simulation 

approaches can be used.  Although the description of time-kill curves is mathematically 

somewhat more complex, PD parameters derived from this in vitro model can then be combined 

with in vivo PK data to simulate the antimicrobial efficacy of the respective doing regimen(s).  

Once a general mathematical model is established, it can be applied to the time-kill curve data of 

other investigational oxazolidinones and respective outcome parameters between drugs and/or 

dosing regimens can be compared.  Modelling and simulation approaches are, consequently, very 

valuable for dose selection and have been recommended by the U.S. Food and Drug 

Administration (FDA) as tools to streamline the drug development process (84).  In fact, model-

based comparison of a new drug candidate to the approved first-in-class representative may 

allow demonstrating superiority rather than non-inferiority. 
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The model that was found appropriate to simultaneously characterize the static, as well 

as, dynamic time-kill curve data of both RWJ-416457 and linezolid has structural similarities to 

previously described models (126, 198, 275).  In this susceptibility-based model, bacteria can 

exist in two different metabolic stages, an active, growing state (S) and a dormant resting stage 

(P) as shown in Fig. 6-1.  In addition, the model allows accounting for naturally occurring 

deaths, saturation in growth and delays in the onset of growth, as well as, antibiotic-induced kill.  

When simultaneously fitted to the data, the final model was capable of describing the 

experimentally determined time-kill curve data reasonably well (Fig. 6-2).  The overall model fit 

could be improved by incorporating drug degradation during the 24-hour course of the 

experiment.  The final model was internally validated by nonparametric bootstrapping and 

showed good robustness and predictability (Fig. 6-3).  Comparison of the obtained EC50 values 

revealed that RWJ-416457 (0.41µg/mL) is approximately 3.4-fold more potent than the first-in-

class representative linezolid (1.39µg/mL).  The parameter estimates obtained from this in vitro 

model can then be used in combination with PK data to predict clinical outcome and provide 

guidance for the selection of appropriate doses or dosing regimens. 

In conclusion, a general PK/PD model has been developed that is appropriate for 

characterizing the in vitro time-kill curve data of oxazolidinone antibiotics.  Simultaneous fit of 

the developed model to static, as well as, dynamic time-kill curve data revealed that RWJ-

416457 has a 3.4-fold increased in vitro potency compared to the first-in-class representative, 

linezolid.  Combined with appropriate PK data, this model may provide valuable guidance for 

dose or dosing regimen selection of new, investigational oxazolidinones. 
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Table 6-1. Comparison of the final model parameter estimates (±MSE) and estimates (95%CI) 
from 1000 nonparametric bootstrap runs 

Parameter and 
Model Final Model Bootstrap Estimates (n=1000) 

Structural model   

ks (h-1) 1.19 (±0.061)a 1.21 (1.11-1.35)b 

kmax (h-1) 1.65 (±0.065)a 1.65 (1.51-1.82)b 
EC50(RWJ-416457) 
(μg/mL) 0.41 (±0.057)a 0.32 (0.22-0.45)b 

EC50(linezolid) 
(μg/mL) 1.39 (±0.207)a 1.13 (0.80-1.53)b 

Nmax 
(CFU/mL) Fixed to 3.39*109 Fixed to 3.39*109 

dgs (h-1) Fixed to 0.24 Fixed to 0.24 

dks (h-1) 0.50 (±0.049)a 0.54 (0.47-0.63)b 

ksp (h-1) 0.004 (±0.002)a 0.001 (0.000-0.003)b 

kps (h-1) Fixed to zero Fixed to zero 

kd (h-1) Fixed to 0.015 Fixed to 0.015 

F 0.83 (±0.023)a 0.83 (0.79-0.88)b 

Variance model  

η (ks) 0.013 (±0.005)a 0.11 

η (Nmax) 0.219 (±0.082)a 0.51 

η (dgs) 0.184 (±0.071)a 0.43 

η (dks) 0.079 (±0.029)a 0.26 

Residual variability 0.29 (±0.027)a 0.53 
aMSE.  b95%CI 
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Figure 6-1. Susceptibility-based two-subpopulation model.  S = pool of metabolically active and 

self-replicating bacteria. P = pool of dormant persister cells. kS = growth-rate 
constant. kd = natural death-rate constant. ksp = transfer rate-constant from active to 
resting stage. kps = transfer rate-constant from resting to active stage. 
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Figure 6-2. Simultaneous curve fits of the susceptibility-based two-compartment model to the 
experimental data.  A) constant concentration time-kill curve of RWJ-416457 against 
MRSA, B) changing concentration (t1/2~24h) of RWJ-416457 against MRSA, C) 
constant concentration time-kill curve of linezolid against MRSA, and D) changing 
concentration (t1/2~5h) of linezolid against MRSA at initial concentrations of 
0.25xMIC ( ), 0.5xMIC ( ), 1xMIC ( ), 2xMIC ( ), 
4xMIC ( ), 8xMIC ( ) and 16xMIC ( ) plus a growth control 
( ).  Symbols represent the experimental data, lines the model predicted curve 
fits. 
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Figure 6-3. Basic diagnostic plots.  A) observed versus population model predicted, B) observed 
versus individual model predicted, C) weighted residual versus individual model 
predicted and D) weighted residuals versus time.  The dotted line represents the line 
of identity; the solid line represents the linear regression line. 
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CHAPTER 7 
DISCUSSION 

Since the discovery of the penicillin by Sir Alexander Fleming in 1928, antibiotics have 

effectively been used for decades to treat bacterial infections (208, 274).  However, due to an 

over-/misuse of “first choice” antibiotics (e.g. for minor infections or in food-producing 

animals), the failure to complete treatment, and the substantial increase in the availability and 

ease of travel within/between countries has contributed to a rapid emergence and spread of 

resistance during the second half of the 20th century (165, 171, 270).  Resistance against 

antibiotics, as stated in the annual CDC reports and results of the SENTRY study, is a major 

cause of morbidity and mortality in the United States and all over the world (70, 106, 118, 163, 

257, 271) and accounts for excess days of illness and hospitalization (257), as well as, increased 

health care costs (209). 

In order to increase the chances of clinical success and minimize the risk of resistance 

development, it is critically important to improve antibiotic therapy by optimizing current dosing 

regimens and developing newer and more potent antibiotics.  The most comprehensive approach 

of achieving this goal is to apply PK/PD principles throughout the optimization/development 

process.  On the other hand, disregard of these principles may result in conflicting outcomes, 

failure in later and more costly clinical stages and potential harm to the patient.  Chances of 

success are increased when these principles are employed early on in the drug development 

process.  For example, commercially available protein supplements are used in pre-clinical test 

systems to produce and modify protein binding.  However, if the actual binding in these in vitro 

test systems represents physiological binding conditions is frequently not determined. 

The first specific goal of this thesis work was to evaluate this approach by experimentally 

measuring free, unbound ceftriaxone (protein binding: 83-96%) (244, 245, 277) and ertapenem 
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(protein binding: 84-96%) (34) concentrations using in vitro microdialysis.  Findings of this 

study clearly indicate that the protein binding values achieved by supplementing with 

commercially available albumins can substantially differ from those in serum/plasma.  It was 

concluded that in order to avoid experimental misconduct and further misinterpretation of the 

effect of protein binding on the antimicrobial activity, free, unbound concentrations need to be 

measured in the actual in vitro test system. 

Traditionally, the effect of protein binding is taken into account by linking free, unbound 

concentrations in plasma to the respective PD outcome.  However, since most bacterial 

infections are located in the extracellular fluid of tissues, a more comprehensive approach would 

be to measure free, active concentrations in the interstitial space fluid of tissues rather than the 

blood.  Microdialysis is currently the only technique that can provide this information and has 

been extensively been used in tissue distribution studies. 

The second specific goal of this thesis work was to measure free, active concentrations in 

the interstitial space fluid of muscle and subcutaneous adipose tissue of six healthy subjects 

following a single intravenous infusion of 1g ertapenem using clinical microdialysis.  Results of 

this microdialysis study indicate that free, unbound ertapenem concentrations in the interstitial 

space fluid of muscle are comparable to free concentrations in plasma but are higher than those 

in subcutaneous adipose tissue.  Nevertheless, free concentrations in both tissues were sufficient 

to exceed the MICs of the most prevalent skin and skin structure pathogens.  These findings 

support the clinical use of the approved dosing regimen of 1g ertapenem BID for the treatment of 

skin and skin structure infections. 

To date, PK information, determined in e.g. microdialysis experiments, is frequently linked 

to the MIC in order to evaluate dose-concentration-response relationships.  However, as stated 
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previously, the MIC suffers from numerous drawbacks.  To overcome these limitations, other 

approaches, such as, time-kill curves have been suggested for evaluating the PD outcome.  In 

order to characterize the experimental time-kill curves, an appropriate PK/PD model can be 

simultaneously fitted to the data.  Once determined, the PD parameters can be linked to PK 

profiles of different doses and dosing regimens to predict and compare the respective clinical 

outcome. 

The third specific goal of this thesis work was to establish and validate an appropriate 

PK/PD model that allows characterizing the antimicrobial activity of oxazolidinones, determined 

in time-kill curve experiments, against MRSA.  Results of this study indicate that the identified 

susceptibility-based two-subpopulation model was appropriate to describe the oxazolidinone 

effect on MRSA over time.  When simultaneously fitted to the data, comparison of the 

corresponding EC50 values revealed that RWJ-416457 is approximately 3.4-fold more potent 

than the first-in-class representative linezolid.  In combination with appropriate PK data, this 

model can be used to guide the pre-clinical development process of new oxazolidinone 

antibiotics and, subsequently, to select an appropriate dose for clinical trials. 

In summary, the proper application of PK/PD principles throughout drug development and 

in the clinic supports the establishment of effective dosing regimens and helps to prevent the 

emergence of resistance.  However, the complex dynamic interaction between a host, a pathogen 

and the infection process has not been completely understood (236).  To date, the immune 

system is seen predominantly as a defence mechanism of the body against infections.  Little is 

known about its impact on the manifestation of clinical symptoms.  Therefore, in future 

approaches patient-, disease and immune status should be taken into greater consideration 

(Figure 6-5) (166, 167). 
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Most comprehensive assessments of interactions between pathogen, host and antibiotic can 

be achieved by integrating individual PK/PD profiles into modeling and support the 

establishment of effective dosage regimens for treatment (73, 174, 196).  However, clinical 

practice often differs from this ideal situation when treatment is started out empirically to 

improve the status of the patient (131, 233).  Yet, for success in treatment, eradication of the 

pathogen should be regarded as the primary endpoint in order to avoid emergence and spread of 

resistant strains (58, 93).  Combined efforts will be needed to achieve this goal and meet the 

challenge of multi-drug-resistant microbe threats in the clinic as well as in the community.  

Hence, not only rethinking of antimicrobial treatment and prescribing standards but also a 

change in patient care/management will be necessary (60, 86, 265).  In drug development, PK 

and PD criteria can be used to predict bacteriologic efficacy.  However, they should be 

confirmed during all phases of antimicrobial development and throughout clinical use in 

response to changing resistance patterns (7, 57, 113, 131, 238). 

Identifying new compounds is one potent strategy but not the only one.  If new compounds 

are derived from existing drug classes, cross-resistance can occur (7, 267).  Hence, it is essential 

that existing drug classes are used in optimized ways.  For example, new dosage forms of 

existing compounds (e.g. liposomal antimicrobial agents), drug combinations and advanced 

modeling and simulation tools need to be developed in order the improve PK/PD and establish 

effective dosing regimens (86, 181, 220). 
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Figure 7-1. Interplay between pharmacokinetics, pharmacodynamics, patient and disease 
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