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Antibiotic treatment causes an ecological disturbance on the human
microflora. Four commensal bacteria: E. coli, enterococci, �-streptococci
and coagulase-negative staphylococci, from patients with extensive, high
antibiotic usage were investigated with regard to resistance pattern and
mutation frequency. Among 193 investigated strains it was found that high
antibiotic usage selected for resistant bacteria and enriched for bacteria with
a small but significantly increased mutation frequency. 

The relative biological fitness cost of resistance in Staphylococcus
epidermidis was assessed in a human in vivo model where the indigenous
flora was present. In vitro data of the bacterial growth rate correlated well to
in vivo fitness assayed in the competition experiments on skin. 

An in vitro kinetic model was shown to be a useful tool to establish the
pharmacokinetic and pharmacodynamic (PK/PD) indices for efficacy of
antibiotics. It was confirmed that the time, when the concentration exceeds
the minimal inhibitory concentration (MIC), correlates with efficacy for �-
lactam antibiotics. To achieve maximal killing for penicillin-resistant
pneumococci, with an MIC of 2 mg/L, the peak concentration was also of
importance. 

Suboptimal dosing regimen facilitates selection of resistance. Penicillin-
resistant pneumococci were easily selected in a mixed population with
penicillin-sensitive, -intermediate and -resistant pneumococci in an in vitro
kinetic model. The selection of the resistant strain was prevented when the
benzylpenicillin concentration exceeded the MIC for approximately 50% of
24 h. 
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Abbreviations

AUC Area under the concentration curve

CFU Colony forming units

CoNS Coagulase-negative staphylococci

MIC Minimal inhibitory concentration

MPC Mutant prevention concentration

MRS Mismatch repair system

PK Pharmacokinetics

PD Pharmacodynamics

T>MIC Time above MIC
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Introduction

The development of antibiotic resistance
Antibiotics have been in clinical use for more than 50 years, and a variety of
substances with different mechanisms for antibacterial activity have been
introduced on the market. Antimicrobials often originate from natural
sources secreted as secondary products from bacteria and fungi. Soon after
the discovery of penicillin, it was found that bacteria could rapidly develop
resistance. During the last decade bacterial resistance has become an
increasing problem worldwide. Antibiotics are widely used in human and
veterinary medicine, and as growth promoters in food animals. Sweden
banned the use of antibiotics to promote growth in 1986. The volume of
antimicrobials used in Europe in 1999 was 13 152 tons, where human
medicine accounted for 65%, veterinary therapy 29%, and animal growth
promoters 6% (European Federation for animal health, www.fedesa.be). The
variation in antibiotic use for human medicine in the European Union was
analyzed in 2001 (Cars, 2001). The study, focused on the outpatient
antibiotic sale in 1997, found remarkable variation between different
countries. The volume used in Sweden in 1997 was 13.5 defined daily dose
(DDD) per 1000 inhabitants per day, compared to France which had the
highest volume used of 36.5 DDD/1000 inhabitants/day. The large variation
between countries is unlikely to be caused by differences in frequency of
bacterial infections. Rather, it is probably cultural and social factors that
determine the prescription pattern. Overall, the volume of antibiotics has
been huge, which has affected the ecology of the microbiota. 

The access to effective antibiotic treatment has created the necessary
conditions for advanced modern medicine. Treatment of patients requires
antibiotic use during, for example, organ transplantation, implantation of
foreign body devices and prevention and immunocompromised periods in
malignant diseases. Unfortunately the use of antibiotics has generated
selection of resistance genes. Therapeutic difficulties are now posed by
strains of common bacterial species such as pneumococci, staphylococci,
enterococci, and enterobacteria, which can acquire resistance to the most

http://www.fedesa.be)/
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useful, and possibly to all agents currently in use. Resistance can result from
bacterial modification of the target for the antibiotic, by enzymatic
inactivation, efflux or impermeability. Emergence of resistance occurs
among 5-10% of treated infections, which leads to clinical failure or longer
treatment (Milatovic, 1987; Fish, 1995). Some studies have also been able to
show that infection by resistant bacteria increases the risk of mortality
(Kollef, 1999; Crowcroft, 2002; Helms, 2002; Cosgrove, 2003). The
presence of two resistant pathogens has increased considerably within
hospital settings during the 1990s, i.e methicillin-resistant S. aureus (MRSA)
and vancomycin-resistant Enterococcus faecium (VRE). The dissemination
of MRSA is a growing problem throughout Europe. In United Kingdom the
frequency of MRSA in all cases of S. aureus bacteremia was 44% in 2002
because of clonal spread (Livermore, 2000), according to European
Antimicrobial Resistance Surveillance System (www.earss.rivm.nl). In
Sweden the situation is less severe, 0.6% MRSA in 2002 (www.smi.ki.se),
and outbreaks of MRSA have been conscientiously handled by local
authorities and hospital infection control units. The frequency of VRE in
Sweden is low. Experience from hospital out-breaks in Europe and United
States has shown that antibiotic therapy is a risk factor for the selection of
VRE clones. The original reports of VRE were associated with use of
vancomycin and third-generation cephalosporins (which have no inherent
activity against enterococci) (Barie, 1998).

The development of new antibiotics is continuing, assisted by research
into microbial genome sequences. However, whether resistance problems
can be avoided through the discovery and development of new effective
antibiotics is open to question. To sustain the long-term effectiveness of
antimicrobial treatments in medicine, we need to develop a better
understanding of the processes underlying the development of antibiotic
resistance, and use this information to design effective treatment policies.
The evolution of antibiotic resistance is directed by several factors such as
the level of antibiotic pressure, the influence of the pharmacokinetic and
pharmacodynamic properties, the selection in the resident commensal flora,
the horizontal transfer of resistance genes and the biological characteristics
of bacteria, e.g., mutation rate and biological fitness (Fig.1). 
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The human microflora
The human microflora, the commensals, represent a complex ecological
system that plays an important role in human health, for example, by
stimulating the immune response, aiding in the digestion of food,
metabolizing drugs, producing essential vitamins and acting as a barrier
against pathogens from colonizing epithelial surfaces. The total weight of the
human microbiota of adults is estimated to 2 kg.

The adult human is covered with approximately 2 square meters of skin,
and the composition and density of the microflora of the skin varies widely
with anatomical local. The bacterial density is fairly low, 100s to 1000s per
cm2, but it increases at moist areas. The main microorganisms are
micrococci (Staphylococcus epidermidis and Micrococcus sp),
corynebacteria and propionebacteria. The more pathogenic Staphylococcus
aureus is less common but approximately 20-40% of the normal population
is a nasal carrier. 

The microflora of the oral cavity consists mainly of different alpha-
streptococci, such as Streptococcus salivarius and S. oralis, corynebacteria
and Neisseria. Streptococcus pneumoniae is also common in the microflora
and it is the most important infective agent in community-acquired
pneumonia among adults and otitis media in children. Many years of
penicillin use in the treatment of respiratory tract infections has led to
penicillin resistance among S. pneumoniae caused by alterations in the
penicillin binding proteins (PBP). Resistant strains contain mosaic PBP
genes that result from gene transfer events from related species followed by
homologous recombination of resistant determinants (Hakenbeck, 1999).
The alterations in the mosaic PBP genes do not depend on single point
mutations in the genes. Analysis of the sequences has proved that PBP genes
have been acquired through transformation from other streptococcal species
in the microflora, for example S. mitis and S. oralis (Dowson, 1993). The
newly incorporated PBP genes diverge about 20% compared to the gene
sequences of penicillin-susceptible strains, generally leading to
approximately 10% amino acid substitutions. This shows that the commensal
flora is a source of selection of antibiotic resistance genes, which can be
spread by horizontal transfer to opportunistic bacteria and pathogens
(Ghaffar, 1999). 

In the microflora of the gastrointestinal tract reside many species, for
example Bacteroides sp, Lactobacillus, Bifidobacterium, Escherichia coli
and Enterococcus faecium. The large intestine contains approximately 1011

bacteria cells per gram feces and almost all are anaerobes, whereas the
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facultative anaerobic E. coli and enterococci constitute 0.1% of the bacterial
population (Murray, 1998). Such a large bacterial population constitutes a
reservoir of antibiotic resistance genes that can be transferred to various
pathogens (Simonsen, 1998; Sørensen, 2001). 

Mutation frequency
In the bacterial life cycle spontaneous mutations occur at a rate of 10-9-10-10

per base pair per generation during DNA replication. DNA polymerase can
also proofread, which enable it to exchange mismatching nucleotides.
Additional post-replication systems act to increase the fidelity. One of these
systems is the mismatch repair system (MRS), which recognizes mismatches
by the hemimethylated pattern of recently replicated DNA, excises the
mismatch and fills in the gap by repair synthesis. Defects in the proofreading
ability of the DNA polymerase or the MRS result in less accuracy and the
bacteria may turn into a mutator phenotype with an increased frequency of
spontaneous mutations and recombination (Taddei, 1997; Miller, 1998;
Denamur, 2000). Bacteria are continuously affected by the environment,
which leads to regulatory responses at the transcriptional and translational
level. Antibiotics are toxic agents to the bacterial cell and different defense
systems are stimulated. For instance, fluoroquinolones induce the SOS-
response system, which includes the MRS (Drlica, 1997; Drlica, 1999). A
defect in the MRS leads to an increased mutation frequency and
recombination, and thus the ability of resistance development (Martinez,
2000).

Bacteria with increased mutation rates have been found among
pathogenic isolates of several bacterial species (Matic, 1997; Giraud,
2001b). For example, in Escherichia coli, Salmonella typhimurium,
Helicobacter pylori and Pseudomonas aeruginosa, between 2% and 36% of
clinical isolates are mutators (LeClerc, 1996; Oliver, 2000; Björkholm,
2001; Denamur, 2002). Several types of mutators have been described and
their increase in mutation rates typically vary between 5- and 5000-fold
(Miller, 1998; Oliver, 2002). A high mutation rate can be beneficial for
adaptation to environmental changes but becomes deleterious in secondary
environments (Giraud, 2001a). It has also been suggested that bacteria
repeatedly pass through periods of high mutation rates during their
evolutionary history, and that the accumulations of mutations either restore
or compensate the defective MRS, or become detrimental (Taddei, 1997). To
what extent antibiotic treatment selects for mutator strains is still not fully
understood (Giraud, 2002). 
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Biological fitness cost and cost compensation
Mutations and acquired resistance genes might confer a biological fitness
cost for the resistant bacteria (Andersson, 1999; Björkman, 2000a). The
biological fitness of the pathogens is a complex character with a number of
interrelated elements. The most important of these are the relative rates at
which antibiotic-sensitive and –resistant bacteria firstly, grow in infected
hosts and the environment, secondly, are transmitted between hosts, and
thirdly, are cleared from the infected hosts. The magnitude of these
parameters is influenced by the extent and pattern of antibiotic use. The
biological fitness of resistance can be measured in essentially three ways: (i)
retrospectively, by studies of the relationship between antibiotic use and
antibiotic resistance in hosts (Seppälä, 1997; Austin, 1999; Arason, 2002);
(ii) prospectively, by measuring the rates at which individual humans
become infected with and cleared of resistant and sensitive bacteria; (iii)
experimentally, by estimating the relative rates of growth, survival,
transmission and clearance of sensitive and resistant bacteria in vitro and in
vivo (Björkman, 1998; Nagaev, 2001).

The biological fitness cost associated with antibiotic resistant bacteria has
been of special interest according to the general hypothesis that susceptible
strains would out-compete resistant isolates in the absence of a selective
antibiotic pressure (Levin, 1997). However, it has been shown that bacteria
may rapidly compensate for the loss in fitness. Compensation requires that
the bacteria make or acquire additional changes to its genome and gene
expression patterns (Schrag, 1996; Schrag, 1997; Björkman, 2000b;
Reynolds, 2000; Nagaev, 2001). Genetic compensation can occur through (i)
reversion or loss of the resistance gene in which case the bacteria become
susceptible, (ii) secondary mutations, chromosomal or on plasmids, that
restore fitness with maintained resistance. The fixation of the compensatory
mutation in the bacterial population is affected by mutation rate to
compensation, fitness of the compensated mutant, and effective population
size. A bacterium with an increased mutation rate can easily be selected by
antibiotic pressure. If the selected resistant mutant is exposed to another
antibiotic, the probability for selection of a new double-resistant mutant
increases. Repeatedly antibiotic pressure might lead to an enrichment of
resistant bacteria with high mutation rates (Mao, 1997), but the biological
fitness cost may counteract this development. There is considerable interest
in how frequently such cost-compensation occurs in different experimental
and clinical situations. 
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Pharmacokinetics and pharmacodynamics
Pharmacokinetics refers to the way the drug is handled by the body, e.g. the
absorption, distribution and elimination. Important pharmacokinetic
parameters are the peak serum concentration, area under serum
concentration curve (AUC) and elimination half-life. The pharmacodynamic
properties determine how an antibiotic affects bacteria. The main
pharmacodynamic factor used to express antimicrobial activity is the
minimal inhibitory concentration (MIC). However, the MIC gives no
information on the time-course of the antimicrobial effect. It needs to be
combined with studies of how the killing effect relates to the fluctuating
drug concentration over time. During the last 15 years, understanding of the
interaction between pharmacokinetics and pharmacodynamics (PK/PD) has
increased and the PK/PD indices for the efficacy of antibiotics has been
defined (Cars, 1997; Craig, 1998; Frimodt-Møller, 2002; Mouton, 2002).
The pharmacokinetic parameters are interdependent; i.e., an increased dose
leads to a higher peak concentration, larger AUC and longer T>MIC.
Because of this interrelationship it has been necessary to use in vivo and in
vitro models to try to define the importance of the different parameters for
antimicrobial efficacy.

Several animal models have been used to determine the PK/PD index for
antibiotic efficacy, for example the mouse pneumonia model and the thigh
infection mouse model. Since the animals have a fixed elimination rate,
various doses fractionated over time have been used to minimize the
interdependency between PK parameters. Some human pathogenic bacteria
do not cause infection in mice, and thus it is often necessary to make the
animals neutropenic to establish the infection. Animal models have been
useful to determine the time-course of antimicrobial activity in vivo, to study
which PK/PD indices correlate with efficacy, and what magnitude of the
PK/PD index is required for efficacy (Vogelman, 1988; Craig, 1998; Dahl
Knudsen, 2000; Andes, 2002). 

In vitro kinetic models are advantageous because the pharmacokinetic
parameters can more easily be varied, such as the absorption phase, peak
concentrations and the drug elimination rate. Some models have used an
open central compartment where the bacteria are washed out with the waste
media (Grasso, 1978; Blaser, 1985). This is not a problem at moderate
elimination rates, but it is not suitable for studies of antibiotics with short
half-lives since it may over-estimate the bactericidal effect. Our laboratory
has developed an in vitro kinetic model where a filter membrane impedes the
elimination of bacteria (Löwdin, 1996). This model offers a cost-effective
screening method of the PK/PD parameters for efficacy and investigation of
the selection of resistant subpopulations (Gustafsson, 2001; Odenholt,
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2001b; Odenholt, 2002). In vitro models are also advantageous because
human pathogens can be studied where there are no suitable animal models,
for example Haemophilus influenzae (Löwdin, 2002).

The PK/PD indices correlating with efficacy are largely dependent on
whether bacterial killing is concentration or time dependent, and whether
prolonged effects occur because of subinhibitory concentrations (sub-MIC)
or postantibiotic effect (PAE) (Odenholt, 2001a). These effects demonstrate
the delay in regrowth when the concentration has declined to levels below
the MIC. Specific PK/PD indices, such as peak/MIC, AUC/MIC ratio and
the time above MIC (T>MIC) have all been shown to be major determinants
of in vivo antimicrobial activity (Frimodt-Møller, 2002; Mouton, 2002). It is
important to recognize the protein binding of antibiotics in serum. It is only
the free fraction of the drug that is active against bacteria and should be used
when the PK/PD indices for efficacy are calculated (Cars, 1990; Scaglione,
1998). On the basis of studies in animal models, antibiotics can be
categorized in three major groups according to Table 1. It is now generally
believed that the concentration of beta-lactam antibiotics have to be at least
40-50% T>MIC for efficacy against S. pneumoniae. For Gram-negatives,
such as Klebsiella, the corresponding figure is 60-70% T>MIC (Craig, 1998;
Woodnutt, 1999). For concentration-dependent antibiotics, as
fluoroquinolones, it has been shown in clinical studies that the AUC/MIC
has to be 100-125 for efficacy on Gram-negative bacteria (Craig, 2001).

Table 1. PK/PD indices predictive of bacteriological efficacy. From: (Craig, 2001)

Antimicrobial effect PK/PD indices Antibiotic classes
Concentration-
dependent killing and
prolonged persistent
effects

AUC/MIC or
peak/MIC

Aminoglycosides,
fluoroquinolones, ketolides

Time-dependent killing
and minimal-moderate
persistent effects

T>MIC Carbapenems,
cephalosporins, clindamycin,
macrolides, monobactams,
oxazolidinones, penicillins

Time-dependent killing
and prolonged
persistent effects

AUC/MIC Azithromycin, strepto-
gramins, tetracyclins,
vancomycin
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There is still a need for guidelines on how to implement the use of PK/PD
indices in the clinic for individual antibiotic treatment where both body
weight and clearance are considered (Rodvold, 2001). In recent years, there
has been an increased interest within the pharmaceutical industry in defining
PK/PD indices of efficacy to aid the determination of optimal dosing
regimens for new antimicrobials. However, PK/PD studies are often made
on only a few bacterial strains within different species (often wild type). It is
important to include less susceptible bacteria and large bacterial populations,
which include subpopulations with increased MIC values, to gain knowledge
on what levels the PK/PD indices prevent regrowth and selection of
resistance (Azoulay-Dupuis, 1996; Andes, 1998; Thorburn, 1998; Blondeau,
2001; Gustafsson, 2001). Resistant bacteria might exhibit a different killing
pattern compared to sensitive strains. This was shown in Salmonella
typhimurium where a strain with one step mutation to enrofloxacin was less
affected by 10xMIC compared to the susceptible wild type strain (Wiuff and
Levin: Population dynamics of the stepwise selection of fluoroquinolone
resistance in Gram-negative bacteria, manuscript in preparation). 

One problem with the PK/PD indices, AUC/MIC, peak/MIC and T>MIC,
is that they are based on the MIC value and must be interpreted cautiously.
MIC is a rough measurement that gives information about the phenotype.
The MIC varies with methodology, environment, and size of bacterial
population. However, the MIC might be completely different at the site of
infection. 

Suboptimal antibiotic dosage regimen - a risk factor for
selection of resistance
Antibiotic treatment causes an ecological disturbance of the normal
microflora (Sullivan, 2001). The effects vary with respect to the
pharmacokinetic properties of the antimicrobial agent, e.g. the absorption,
tissue distribution, elimination, and the antibacterial spectrum (Edlund,
2000). Even though the microflora may return to normal soon after
completion of a treatment, long-term persistence (several years) of selected
resistant commensal bacteria has been reported (Sjölund et al. Long-term
persistence of resistant enterococcus species after antibiotic treatment to
eliminate Helicobacter pylori, manuscript in preparation). Such persistence
and the natural exchange of genes between bacteria make the microflora a
potential reservoir of resistance genes that can spread to pathogens. 

Selection of resistant subpopulations is one reason for treatment failures
when the antibiotic concentration becomes too low at the site of infection to
achieve an antibacterial effect on the subpopulation (Dagan, 2000b; Dagan,
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2001a). Studies have showed that low daily doses and long duration of
treatment with beta-lactam antibiotics promoted pharyngeal carriage of
penicillin-resistant S. pneumoniae (Guillemot, 1998). In geographical
regions where resistant pneumococci are prevalent, antibiotics may not only
fail to eradicate the organisms, but they may often induce superinfection in
the middle ear with resistant pneumococci initially carried in the
nasopharynx (Dagan, 2001b). The selection of resistant strains in the normal
flora is a risk factor for the subsequent clonal spread and an increased
number of difficult-to-treat infections in the community.

Antibiotic resistance in the community may not be reversed by decreased
antibiotic usage because (i) the resistance may confer no cost, (ii) the cost
may have been ameliorated by compensatory mutations, or (iii) the
resistance might be genetically linked to other selected markers (Tomasz,
1997; Böttger, 1998; Andersson, 1999; Enne, 2001). One important strategy
is therefore to find ways to minimize the rate by which resistance increases
and thereby prolong the life span of antibiotics already on the market.
Attempts are now being made in many countries to reduce the volume of
antibiotics by minimizing inappropriate antibiotic use (Cars, 2001; Ball,
2002). Another factor that could reduce the risk for resistance development
is to improve dosage regimens of antibiotics. Historically, the dosage
regimens of antibiotics have been developed towards optimal efficacy and
minimal toxicity. The developments in the field of antibiotic
pharmacodynamics during the last decades have lead to a better knowledge
of the optimal dosage strategies to obtain maximal eradication of the
infecting pathogen (Hyatt, 1995.; Craig, 1998; Gustafsson, 2001). 

The risk of certain regimens (dose, dose interval, length of treatment)
inducing emergence of resistance have rarely been a concern. It has been
demonstrated that the selection of low-level resistant bacteria increases
within a narrow range of concentrations, so-called “selective window”, just
above the MIC of the bacteria (Negri, 1994; Baquero, 1997; Negri, 2000;
Zhao, 2001). An antibiotic with a long half-life can confer a more intense
selection by being within the “selective window” for a longer period of time.
This is of special importance for antibiotic classes where the resistance
develops by stepwise chromosomal mutations in target genes, for example
the fluoroquinolones. Stepwise resistance arises when the bacteria are
sequentially challenged with increasing concentrations of drug. For gram-
negative bacteria, DNA gyrase is mainly the primary target for
fluoroquinolones, in the gene gyrA. The second target is DNA topoisomerase
IV, gene parC. In gram-positive organisms, parC mutations generally arise
before those in gyrA. When the bacteria are exposed to low concentrations of
quinolone the probability of selecting for bacteria with one point mutation in
gyrA or parC increases since the spontaneous mutation rate is approximately
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10-9 in DNA replication. But at higher concentrations, two point mutations
are needed for growth and it is less likely that such bacteria are selected in
the population. The concentration, where no resistant colony is recovered
even when 1010 cells are plated, has been called the mutant prevention
concentration (MPC) (Zhao, 2001). A study of S. pneumoniae showed that
MPC corresponded to 8-16 times the MIC for five different fluoroquinolones
(Blondeau, 2001). The serum concentration might reach the MPC level after
administration of a quinolone; however, since the drug is eliminated, the
concentration rapidly falls into the “selective window” leading to selection
of resistant strains. This was shown for levofloxacin where treatment failures
of pneumococcal pneumonia gave resistance development just as S. aureus
had done towards ciprofloxacin earlier (Tillotson, 2001; Davidson, 2002). In
both cases the concentration did not reach MPC and the concentration level
was in a “selective window” for several hours.

Scarce experimental and clinical data indicate that too low dose and long
treatment time increases the risk of emergence or selection of resistance
(Dagan, 1996; Guillemot, 1998; Dagan, 2001b). More experimental and
clinical evidence is urgently needed to support changes in dosing strategies
that are based on the PK/PD indices for efficacy.

More systematic studies of mutation rates, biological fitness costs/cost
compensation and optimal dosage regimens are needed during the early
phases of drug development of antibacterial agents. Moreover, tools must be
developed to evaluate the potential of different drug candidates for
emergence of resistance.
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Aims of the study

� To study the effect of extensive, high antibiotic treatment on resistance
in the commensal flora of the skin, throat and feces (I).

� To study whether extensive, high antibiotic treatment selects and
enriches for bacteria with increased mutation frequency, so-called
mutators, in the commensal flora of the skin, throat and feces (I).

� To develop an in vivo model in humans where the normal microflora is
present for studying the biological fitness cost of antibiotic resistant
bacteria, and to compare the biological fitness cost in vitro and in vivo
for two different mechanisms of resistance (II). 

� To evaluate the usefulness of an in vitro kinetic model to determine the
PK/PD indices of efficacy for beta-lactam antibiotics against bacteria
with variable antibiotic susceptibility (III).

� To study the selective effects of different concentrations of
benzylpenicillin on a mixture of penicillin-susceptible, -intermediate and
-resistant Streptococcus pneumoniae (IV).



19

Materials and methods

Subjects and isolation of bacteria

Samples from nostril, pharynx and feces were collected from patients at the
Center of Cystic fibrosis (n=18), and Department of Hematology (n=18),
University hospital, Uppsala, Sweden, (I). The individually used amount of
antibiotics for one year was recorded as defined daily dose (DDD). Primary
health care patients (n=30), with no antibiotic treatment for one year before
sampling, were used as controls. 

Twelve healthy volunteers were included in study II for bacterial
application on the forearms. The Ethics committee, Faculty of Medicine at
Uppsala University approved both studies.

Bacterial strains 

Four commensals were studied (I): E. coli, enterococci, �-streptococci and
coagulase-negative staphylococci (CoNS). Three isolates of each bacterium
per sample were isolated, if possible, from each patient and controls. The
isolates were verified by biochemical tests.

Staphylococcus epidermidis was isolated from a healthy volunteer (II). In
the competition experiments, rifampicin resistance was used as a marker to
distinguish the inoculated strains from the resident CoNS. A rifampicin
resistant clone was selected on blood agar plates containing 0.8 mg/L
rifampicin. One fast-growing colony was chosen for further selection for
resistance to ciprofloxacin (1.25 mg/L) and fusidic acid at the concentration
of 5 and 25 mg/L. 

S. pyogenes M12 NCTC P1800 (III), E. coli ATCC 25922 (III),
penicillin-sensitive S. pneumoniae (PSP) ATCC 6306 (III) and A2000 (IV),
three clinical isolates of penicillin-resistant pneumococci (PRP) 508-1046,
40932 (III) and BCC-67 (IV), and one pneumococcal strain with
intermediate penicillin resistance (PIP) 9506.07-126 (III, IV) were used.
Strain 508-1046 derived from the University hospital, Uppsala, Sweden, and
40932 was obtained from Centre Hospitalier Intercommunal Créteil, France.
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Strains A 2000, 9506.07-126 and BCC-67 derived from Department of
Microbiology, University Hospital Reykjavik, Iceland. 

Media and cultures

In study I, all strains were grown in Todd-Hewitt broth (Difco Laboratories,
Detroit, MI, USA). In study II, S epidermidis were grown in Luria-Bertani
(LB) broth. In study III and IV the gram-positive strains were cultured in
Todd-Hewitt broth saturated with CO2 and E. coli was cultured in Mueller-
Hinton broth (Difco Laboratories, Detroit, MI, USA) supplemented with 50
mg/L Ca++ and 25 mg/L Mg++.

Samples for viable counts were seeded on blood agar plates (Acumedia
Manufacturers, Inc, Baltimore, Md.) with 5% horse blood in appropriate
dilutions at a volume of 0.1 and 0.01 ml. The limit of detection was 5x101

CFU/ml. Selective plates (IV) contained 10 mg/L erythromycin, and
benzylpenicillin at the concentrations of 0.062 and 1 mg/L, respectively. 

Determination of antibiotic susceptibilities 

Antibiotic susceptibilities were determined by disk diffusion (Oxoid Ltd.,
England) according to recommendations by the Swedish Reference Group
for Antibiotics (SRGA; available at www.srga.org) (I). 

Antibiotics 

Amoxicillin trihydrate (Astra, Södertälje, Sweden) with known potency was
dissolved in equal volume of 0.1 M NaOH and phosphate-buffered saline
(PBS) pH 7.2 to 10 mg/ml (III).
Benzylpenicillin (Astra, Södertälje, Sweden) with known potency was
dissolved in sterile distilled water (IV). 
Cefotaxime (Claforan; Aventis) was dissolved in sterile distilled water to a
concentration of 10 mg/ml (III).
Ciprofloxacin (Bayer AG, Wuppertal, Germany) with known potency was
dissolved in 0.1 M NaOH (II).
Fusidic acid (Leo Pharma, Denmark) with known potency was dissolved in
95% ethanol (II).
Rifampicin (Duchefa, The Netherlands) with known potency was dissolved
in methanol (I, II).
Streptomycin (Duchefa, The Netherlands) with known potency was
dissolved in sterile distilled water (I).

All drugs were dissolved prior to each experiment or production of plates. 
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MIC determination

MIC was determined by E-test (Biodisk, Solna, Sweden) (I, II) or by
macrodilution technique, at an inoculum of approximately 1x105 CFU/ml,
according to the guidelines of the National Committee for Clinical
Laboratory Standards 1992 (NCCLS) (III,IV). MIC was defined as the
lowest concentration inhibiting visible growth after 20 h. The MIC
determinations were made in triplicate on separate occasions.

Determination of antibiotic concentrations 

The microbiological agar diffusion method was used with 1.5% Nutrient
agar (Difco laboratories, Detroit MI, USA). Plates were seeded with a
standardized inoculum of Providencia rettgeri P66 (Swedish Institute for
Infectious Disease Control, Solna, Sweden) for the determination of
cefotaxime concentration (III), and a spore suspension of Bacillus
stearothermophilus ATCC 3032 for determination of amoxicillin (III) and
benzylpenicillin (IV). Antibiotic standards and the samples were applied into
agar wells. All assays were made in triplicate, and the plates were incubated
overnight at 35°C, and 56�C, respectively. The limit of detection was 0.062
mg/L for cefotaxime, 0.031mg/L for amoxicillin and benzylpenicillin. 

Mutation frequency 

The mutation frequency to rifampicin and streptomycin resistance under
laboratory conditions was measured on ten independent cultures from each
of the three isolates from each patient (I), resulting in a total of 30 cultures
for each bacterial species from each patient. The cultures, 0.4 ml, were
inoculated with 103 bacteria diluted from an over-night broth culture. The
bacterial dilutions were controlled for preexisting mutants by plating 104

bacteria on rifampicin-containing plates (concentrations see below). If
preexisting mutants were found the test cultures were discarded and not used
to calculate mutation frequencies. The cultures were incubated over night at
35ºC, giving 108-109 CFU/ml. Viable counts or optical density at 540 nm
determined the numbers of bacteria. Optical density was related to viable
count by a standard curve for each species. Each culture was spread on agar
plates containing rifampicin 50 mg/L for E. coli and enterococci and 0.1
mg/L for �-streptococci and CoNS respectively. Different concentrations of
rifampicin were used because of the differences in intrinsic resistance
between the bacteria. Plates were dried and incubated for 24 hours and then
colonies were counted. The mutation frequency was calculated from the
median number of resistant mutants of the 10 cultures divided by the number
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of bacterial cells applied on the agar plates. Since the three independent
isolates of each species from each patient showed similar mutation
frequencies, we calculated a median mutation frequency for these 30
cultures.

The �-streptococci were also analyzed for their mutation frequency to
streptomycin resistance. Five independent cultures of one strain from each
patient (n=14) and controls (n=17) were included. The remaining strains had
to be excluded because of low bacterial density in the overnight culture or
high initial MIC values to streptomycin. Todd-Hewitt broth, 50 ml, were
inoculated with 103 bacteria from a fresh broth culture and incubated over
night at 35º in 5% CO2. The bacteria were concentrated by centrifugation at
1400 g for 15 min, and the pellet was applied to blood agar plates containing
120 mg/L streptomycin, and colonies were counted after 24 h incubation.

Statistical analysis

Statistical analysis in study I was performed using Mann-Whitney test in
Statistical Analyzing System version 8. The analyses were done at the
Swedish Institute for Infection Disease Control, Solna, Sweden.

Sequencing 

The rpoB gene from four independent rifampicin resistant colonies of
enterococci, �-streptococci and CoNS was sequenced to verify that the
rifampicin resistant isolates were rpoB mutants as previously described (I)
(Jin, 1988). DNA was prepared with Dneasy Tissue kit (Qiagen). Primers for
the �-subunit of rpoB were designed using Streptococcus pyogenes
(GenBank accession number AJ295718) and Staphylococcus warneri
(GenBank accession number AF 325895) sequences. The PCR products
were sequenced with ABI Prism (Applied Biosystems, Warrington, UK) and
compared to the original strains. The analyses were done in duplicate. 

The rpsL gene from three independent streptomycin resistant colonies of
�-streptococci were sequenced to verify that the resistant mutants contained
mutations in the rpsL gene (I) (Timms, 1992). Primers were constructed
from the rpsL gene of S. pyogenes���GenBank accession number AE006493). 

The genotypes of the resistance mutations of S. epidermidis used in the
competition experiments (II) were confirmed by sequencing. The primers for
the �-subunit of rpoB were constructed from Staphylococcus warneri
(GenBank accession number AF 325895), and fusA primers were
constructed from S. aureus (GenBank accession number AJ 237696).
Primers for gyrA and grlA have previously been described (Dubin, 1999).
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Skin sampling method 

The skin sampling method has previously been described (Hambraeus,
1990). Samples (II) were taken by use of a sterile pad, measuring 5x5 cm,
attached to a holder thus making it possible for sterile sampling (Fig. 2). The
pads were moistened with PBS supplemented with 2% Tween 80 and 0.3%
lecithin before autoclaving. Each pad was rubbed back and forth for ten
times over the site of bacterial application at an area of 5x10 cm. The pad
was processed in a Stomacher Lab-Blender 400 (Seward Laboratories,
London, England) for 1 min in a sterile plastic bag with 20 ml phosphate
buffer pH 7.4 (PBS with 2% Tween 80 and 0.3% lecithin) to extract the
bacteria. The extraction was cultured in two dilutions, 5 ml and 0.5 ml, on
blood agar plates containing 50 mg/L rifampicin. Plates were dried and
incubated over night at 35ºC in 5% CO2. Colonies were counted and
replicated over to selective plates containing ciprofloxacin 1.25 mg/L or
fusidic acid 25 mg/L. The replicated plates were incubated as described
above and counted. The competition ratios were calculated from the number
of resistant/sensitive strain. Samples were also cultured on blood agar at a
volume of 0.5 ml to obtain the total number of extracted bacteria. 

Figure 2. Picture of the skin sampling procedure of a forearm.

In vitro kinetic model 

The in vitro kinetic model (III, IV) (Löwdin, 1996) consisted of a spinner
flask (110 ml) with an open bottom that was specially constructed to fit into
a new holder that has an outlet connected to a pump (P-500, Pharmacia
Biotech, Sweden) (Figure 3). A filter membrane with a pore size of 0.45 �m,
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laying on a perforated metal support, was placed between the flask and the
holder, impeding elimination of bacteria. A magnetic stirrer ensured
homogeneous mixing and prevented membrane pore blockage. In one of the
side arms, a silicone membrane enabled repeated sampling. A thin plastic
tubing from a vessel containing fresh medium was connected to the other
arm. The medium was drawn from the flask at a constant rate by the pump,
while fresh sterile medium was sucked into the flask at the same rate by the
negative pressure built up inside. The antibiotic was diluted according to
first-order kinetics; C = C0 x e-kt, where C is the achieved concentration after
a constant elimination rate (k) of the initial concentration (C0) during a
course of time (t). AUC24 was calculated from AUC = C0/k – C24h/k, where
C0 is the initial concentration, C24h the concentration after 24 h depending
upon the elimination constant k, determined from k = ln2/T½.

Figure 3. The in vitro kinetic model.
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Results and discussion

Paper I

Bacteria with increased mutation frequency and antibiotic resistances
are enriched in the commensal flora of patients with high antibiotic
usage 

To examine a situation where the environment of the bacteria is relatively
constant, and minimal disease pathogenesis occurs, we examined whether
high antibiotic usage enriched for commensal strains with increased
mutation frequency. The resistance patterns and mutation frequencies were
studied in four commensals: E. coli, enterococci, �-streptococci and
coagulase-negative staphylococci (CoNS). 

Results showed that antibiotic resistance was much higher in isolates
from antibiotic-treated patients as previously shown (Levy, 1988; Lang,
2001). For example, the frequency of ciprofloxacin resistance in enterococci
and CoNS isolated from patients was 63 and 67%, respectively, as compared
to 0% in the controls. Similarly, erythromycin-resistant CoNS was 52% in
the patient group and 0% in the controls. Resistance to tobramycin was
uncommon in E. coli and CoNS, in spite of a high use of tobramycin. This
could be because aminoglycosides are exclusively excreted through the
kidneys with minimal effect on the gut flora. We cannot evaluate whether
the resistant clones were pre-existing in the individuals, selected de novo
during treatment or acquired from other sources during hospitalization, but
the resistant strains were clearly enriched during treatment and eventually
dominated the microflora.

The mutation frequencies to rifampicin are shown in Figure 4. A
significant difference in mutation frequency was observed for E. coli,
enterococci and CoNS between patient and controls. Thus, the patients had
commensal bacteria with a 3, 1.8 and 1.5-fold increase in mutation
frequency as compared to the controls (P=0.0001, 0.016 and 0.012
respectively). For �-streptococci, rifampicin resistance did not differ
significantly (P=0.74); however, when the mutation frequency to
streptomycin was measured, the geometrical means were 4.7x10-10 and
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1.5x10-10 for patients and controls respectively (P=0.024). This indicates that
strains with an increased mutation frequency might be enriched in the �-
streptococci as well. Why this difference was only observed for streptomycin
resistance, not rifampicin, is unclear, but it might be related to which types
of base pair substitutions cause resistance to the two antibiotics.

Figure 4. Mutation frequencies to rifampicin resistance of four species isolated from
patients and controls. The geometrical mean is indicated with a line.

We examined whether the types and level of resistance correlated with the
mutation frequency. For four classes of antibiotics: aminoglycosides, �-
lactams, macrolides and trimethoprim-sulfamethoxazole no correlation was
observed. However, when comparing the mutation frequency of
ciprofloxacin-resistant and -sensitive isolates, E. coli isolates from the
patient group differed significantly, P= 0.036 (Fig 5). Thus, ciprofloxacin-
resistant E. coli showed a higher mutation frequency than the susceptible
isolates. 
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Figure 5. Mutation frequency of the ciprofloxacin resistant (R) and susceptible (S)
E. coli in the patient group (P= 0.036). 

Because of this observation the MIC values for ciprofloxacin were
determined for all E. coli and enterococci strains from patients and controls.
The MICs for ciprofloxacin of E. coli varied between 0.006 to >32 mg/L for
patients and 0.004 to 0.016 mg/L for controls (P=0.002). The corresponding
MIC values of ciprofloxacin for enterococci were 0.38 to >32 mg/L for
patients and 0.25 to 3 mg/L for controls (P=0.0006). However, when we
examined whether the level of resistance (MIC) was correlated to the
mutation frequency we found no significant correlation. This lack of
correlation is because that linear regression is appropriate on data where both
the outcome and explanatory variables are continuous variables. In this case,
the MIC values are discrete and linear regression would give a poor
correlation (i.e. low R2 values). Although E-test was used for MIC
determination the values are still discrete variables. Furthermore, the
maximum concentration with the E-test was 32 mg/L. Using linear
regression analysis, we also examined whether antibiotic exposure (DDDs)
was correlated to level of resistance, or mutation frequency. However, there
was no correlation between total DDD of antibiotics and mutation frequency,
nor between DDD of fluoroquinolones and ciprofloxacin resistance or
mutation frequency. A possible explanation for this lack of correlation could
be that the major influence of the volume of antibiotics is observed at an
initial stage of a treatment. Many of our patients had been severely ill for a
longer time and probably received antibiotics for more than one year.
Finally, within each patient, mutation frequencies for the different bacterial
species did not correlate. 

These results might indicate that fluoroquinolones was the only class of
antibiotic that enriched for isolates with increased mutation frequency. A
possible explanation is that the fecal flora might be differently exposed to
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the drug than the pharynx and skin flora. A substantial part of the
fluoroquinolones in feces is bound to various compounds, resulting in lower
concentrations of active drug (Edlund, 1988). Furthermore, high free levels
of fluoroquinolones have been found in sweat (Høiby, 1997). Thus, possibly
the selection for resistance (and mutators) is stronger in feces than in sweat
because the bacteria are exposed to concentrations within the "selective
window" for longer period of time.

Even though the increased mutation frequency in the patient group was
significant, the magnitude of the increase was small. Unexpectedly, only one
strong mutator (an E. coli from the patient group) was found among the 193
commensal isolates examined. One explanation for the rarity of strong
mutators could be that the mutators are impaired for growth in the host,
thereby preventing them from rising to a high frequency (Giraud, 2001a). A
second explanation might be that mutator genes have been removed by
recombination after resistance was acquired (Denamur, 2000). Finally, a
third explanation is that the resistances examined here are mainly caused by
horizontally transferred genetic determinants. Thus, it is predicted that
mutators are only enriched when the resistance is conferred by a
chromosomal mutation (e.g. gyrA) that is formed at a higher rate in the
mutator than the non-mutator. Most of the resistances in the examined
bacteria result from genes located on plasmids and/or transposons, except
fluoroquinolone resistance, which is caused by sequential chromosomal
mutations that confer stepwise increases in resistance (Drlica, 1997). Thus,
acquiring high-level fluoroquinolone resistance is predicted to enrich for
mutators. Support for this idea comes from the finding that a significant
correlation between resistance and increased mutation frequency was only
seen for ciprofloxacin.

Paper II

Fitness of antibiotic resistant Staphylococcus epidermidis assessed by
competition on skin of human volunteers

To our knowledge there are no previous studies of biological fitness costs
performed on humans where the investigated bacteria compete in their
normal habitat. We developed a human volunteer competition model to
investigate the relative fitness of antibiotic-resistant and -sensitive S.
epidermidis. 

There was an individual variation in adherence of the S. epidermidis
between the volunteers. The bacteria adhered well to 9 of 12 persons, but in
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3 persons the bacterial counts on day 10 were too low (<100 bacteria/5 ml)
to allow determination of a competition ratio. Therefore the competition
ratios on day 10 were excluded. 

The characteristics of the strains are presented in Table 2 and the results
are shown in Figure 6 a-b. Resistance to ciprofloxacin due to grlA (parC)
mutations did not decrease the growth rate in vitro, and the resistant bacteria
had the same ability to survive on skin as the isogenic sensitive strain. In
contrast, fusidic acid resistance due to fusA mutations resulted in a decrease
of the growth rate in vitro and a considerable loss of fitness in the skin
competition. 

Table 2. Characteristics of strains included in the competition experiments
MIC (mg/L)

Strain Generation
time (min)a rifampicin ciprofloxacin Fusidic

acid

Mutation
site

parental 37 ± 2b < 0.016 0.125 0.5
rifR35 38 ± 4 >256 0.125 0.5 rpoB H526Y
cipR46 39 ± 2 >256 1 ND grlA S80Y
cipR51 38 ± 3 >256 1 ND grlA S80Y
fusR40 62 ± 14 >256 ND >256 fusA F88L
fusR45 49 ± 3 >256 ND 96 fusA Q115L
ND: Not determined, a determined by viable counts, b ± standard deviation
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Figure 6. Results from the competition experiments a) ciprofloxacin
resistant/sensitive, b) fusidic acid resistant/sensitive. The geometrical mean of the
competition ratio is presented on the y1 axis and the total number of bacteria on the
y2 axis.
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Competition experiments with antibiotic resistant strains have been
performed in vivo in different animal models (Björkman, 1998; Björkholm,
2001; Nagaev, 2001) and in vitro (Schrag, 1996; Schrag, 1997; Reynolds,
2000; Laurent, 2001; Sander, 2002). It is reasonable to assume that if a cost
is observed in vitro under favourable conditions there will also be a cost
associated with the resistance in vivo where conditions typically are more
stressful. However, if no cost is seen in vitro, there might still exist in vivo
conditions where a cost is manifested. Notably, the fitness measured in vitro
as generation time in our study was correlated with the fitness measured on
human skin. Thus, the ciprofloxacin resistant mutants, with mutations in the
parC gene, showed no fitness loss neither in vitro nor in vivo. Conversely,
the fusidic acid resistant mutants, with mutations in the fusA gene, showed
fitness losses both in vitro and in vivo and the extent of fitness loss was
correlated. The fitness effects of these particular fusA mutations were also
examined in S. typhimurium and S. aureus (Björkman, 2000b; Nagaev,
2001). Similar to the results presented here for S. epidermidis, fitness of the
S. typhimurium and S. aureus fusA mutants decreased in both culture
medium and experimental animals. Thus, for fusidic acid resistance, the
costs were similar in three bacterial species using three different assay
systems.

In the experiments where we looked for compensatory mutations, in one
of the fusA strains, we were able to isolate clones with increased fitness after
10 and 30 days of incubation on the arms. However, all of these fast-growing
clones had reverted to wild type in the fusA gene and become fully
susceptible to fusidic acid. Thus, no compensated mutants with increased
fitness were isolated from the fusidic acid-resistant strain. Similar findings
have been made during evolution of fusidic acid-resistant Salmonella
typhimurium in mice (Björkman, 2000b).

In the absence of a selective antibiotic pressure, a significant fitness cost
for resistance is expected to lead to a reversibility of resistance. However,
several mechanisms would act against reversibility, which could explain
why reversibility is seldom observed at the community level. Thus, the
presence of “no-cost” resistance (Böttger, 1998; Sander, 2002), evolution of
compensatory mutations (Schrag, 1996; Schrag, 1997; Björkman, 2000b;
Reynolds, 2000; Nagaev, 2001) and genetic linkage between resistance
markers (Enne, 2001) would all act against reversibility. A few cases have
been interpreted as providing evidence for reversibility in community
settings by reduced antibiotic consumption (Seppälä, 1997; Austin, 1999).
The apparent correlation between a reduced antibiotic consumption and
decreased frequency of resistance might have been caused by other unrelated
factors, e.g. clonal shifts (Kataja, 1998; Arason, 2002). In contrast, in
hospital setting reversibility can be more rapid and extensive. The inflow of
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new patients, non-infected or infected with susceptible bacteria causes a
dilution of the resistant bacteria present in the hospital. Thus, interventions
in antibiotic usage and routines to reduce transmission of resistant bacteria
may also result in a faster decrease in the frequency of resistance than at the
community level (Lipsitch, 2000).

We showed the usefulness of a skin sampling method applied on human
in vivo competition model to obtain relevant numbers for the in vivo costs of
resistance. It is desirable that future studies of the effects of resistance on
bacterial fitness are done, if possible, in human in vivo models. For example,
other commensal bacteria, such as �-streptococci, E. coli, enterococci and
several intestinal anaerobes, could be studied in human volunteers to obtain
relevant measurements of fitness (Sørensen, 2001) and to avoid any potential
problems with in vitro competitions. However, it is necessary to genetically
mark the investigated strains to be able to distinguish them from the resident
microflora when the sampling is performed. 

Both the properties of antibiotics to select resistant subpopulations and
the bacterial ability to restore biological fitness ought to be considered in the
development of new antimicrobials. The most favorable situation would
appear with drugs for which the resistance mutation frequency are low and
where the mutations lead to a high biological fitness cost, which cannot be
easily compensated.

Paper III

Pharmacokinetic and pharmacodynamic parameters for antimicrobial
effects of cefotaxime and amoxicillin in an in vitro kinetic model

Streptococcus pyogenes and E. coli were exposed to cefotaxime, and the
activity of amoxicillin was studied against four strains of Streptococcus
pneumoniae with different susceptibility to penicillin. The drug elimination
rate varied such that the T>MIC ranged from 20 to 100% during 24 h,
whereas the AUC and/or the initial concentration (Cmax) were kept constant
(Fig 7a). The maximal antibacterial effect (Emax) was achieved when the
T>MIC exceeded 50% of cefotaxime and amoxicillin against penicillin-
susceptible and -intermediate S. pyogenes and S. pneumoniae (Fig. 7b). For
E. coli exposed to cefotaxime, a T>MIC of 80% was needed to get a
maximal killing. For a penicillin-resistant S. pneumoniae, with an MIC of 2
mg/L, Cmax needed to be increased to achieve Emax. Under the condition that
Cmax was 10xMIC, Emax was obtained at 60% T>MIC. This indicates that
Cmax, in addition to T>MIC, may be an important parameter for antimicrobial
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effect on moderately penicillin-resistant pneumococci. The second
penicillin-resistant S. pneumoniae, MIC=4 mg/L, gave ambiguous results
and Emax was not achieved even with an initial concentration of 10xMIC and
a T>MIC of 100%.  

a)                        b)

Figure 7 a) Illustration of constant AUC with varied T>MIC and Cmax, 
b) S. pyogenes exposed to cefotaxime. Values are presented as change in numbers of
CFU/ml at 24 h.

The results from the in vitro kinetic model were comparable to those
obtained in animal models for Gram-positive and Gram-negative bacteria
(Vogelman, 1988; Barry, 1993; Azoulay-Dupuis, 1996; Andes, 1998). In
vivo studies of penicillin-resistant pneumococci have also shown that
increased doses can give sufficient time above MIC for efficacy (Dahl
Knudsen, 1995; Andes, 1998), but highly resistant strains with MIC values
of 4-8 mg/L have given treatment failure even at high doses of amoxicillin
(Azoulay-Dupuis, 1996). Experiments in vitro have shown the need for high
peak concentrations and repeated dosing for penicillin-resistant pneumococci
(Lister, 1997; Thorburn, 1998). Clinical trials have confirmed in vitro results
that it is essential to achieve sufficient T>MIC at the site of infection for
success. Clinical failure in otits media is often due to resistant S. pneumoniae
with MIC of 2 mg/L or more (Gehanno, 1995; Guillemot, 1998; Dagan,
2000a; Dagan, 2001a).

Our in vitro kinetic model offers a cost-effective alternative as a screening
model of the PK/PD index for efficacy of new antibiotics. It has the
advantage that the drug elimination rate and other pharmacokinetic
parameters can be varied, and that bactericidal effect can be monitored
continuously. Human kinetics, with absorption phase and elimination phase,
can easily be simulated. Our study showed the usefulness of an in vitro
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kinetic model when PK/PD indices should be established, and the
importance of including strains with reduced susceptibility when PK/PD
indices are evaluated.

Paper IV

Suboptimal antibiotic dosage as a risk factor for selection of penicillin
resistant Streptococcus pneumoniae: In vitro kinetic model

The aim of the present study was to investigate whether certain
concentration profiles of benzylpenicillin are critical for the selection of
resistant subpopulations. A mixed culture of Streptococcus pneumoniae
containing 90% penicillin susceptible (PSP, MIC = 0.03 mg/L), 9% of
penicillin intermediate (PIP, MIC = 0.25 mg/L) and 1 % penicillin resistant
(PRP, MIC = 8 mg/L) was studied. The initial inoculum was 5x104 CFU/ml.
The experiments were done in an in vitro kinetic model where different
elimination rates and initial doses could be simulated. The T>MIC varied
from 46 to 100% for the PSP, from 6 to 100% for PIP, and from 0 to 48%
for the PRP strain. Samples for viable count were withdrawn at different
times during 24 h and seeded on blood agar plates and on selective
antibiotic-containing plates. Unexposed controls were included.

The results showed an increase in the proportions of penicillin-resistant S.
pneumoniae at four of the five different benzylpenicillin concentrations.
When the time above the MIC (T>MIC) was 46% for the PSP, 38% for PIP
and 48% for the PRP, no regrowth was observed for the strains investigated.
This study, which may mimic the clinical situation with carriage of a mixed
population of S. pneumoniae with different susceptibilities, showed that
suboptimal antibiotic dosages may be a risk factor for selection of resistant
bacteria. Unmasking of a minority subpopulation of resistant strains seems to
be a plausible explanation for the recurrent infections with nonsusceptible
pneumococci (Schrag, 2000; Dagan, 2001b). Treatment of otitis media could
promote the growth of preexisting resistant bacteria that may predispose to
rapid superinfection of the middle ear. It is also known that several serotypes
of S. pneumoniae can be carried simultaneously in the same individual. One
serotype is often predominant, and the minor population can only be
detected if a large number of colonies are analyzed (Huebner, 2000). The
importance of local epidemiology and the pharmacodynamic properties of
antibiotics for determination of dosing strategies have been demonstrated in
clinical studies. High-dose intravenous therapy with penicillin is still
considered to be effective in the management of pneumococcal pneumonia
caused by strains with moderately reduced susceptibility (Pallares, 1995;
Dagan, 2001a).
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Optimizing dosage regimens may be one important factor to minimize the
emergence of resistant strains. The complex interaction between the
pharmacological and microbiological factors involved in the selection of
resistant bacteria at different infectious sites and the commensal flora during
antibiotic treatment needs to be explored in more detail. 
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Conclusions

Extensive, high antibiotic treatment selects for resistant bacteria in the
normal human microflora. Antibiotic treatment also confers an enrichment
of bacteria with a slightly, but significantly, increased mutation frequency.
Among 193 investigated strains only 1 mutator, with a 100-fold increased
mutation frequency, was found. 

The biological fitness of antibiotic resistant bacteria can be measured in a
human in vivo model with Staphylococcus epidermidis where the indigenous
flora is present. In vitro data of the bacterial growth rate correlated well to in
vivo fitness assayed in the competition experiments on human skin. 

The in vitro kinetic model gave results comparable to different animal
models in the screening of PK/PD indices of efficacy. The model has the
advantage that the elimination rate and peak concentration can be varied, and
the bactericidal effect can be monitored continuously. The study, which
included two �-lactam antibiotics, confirmed that the most important PK/PD
index for the clinical outcome is the time the concentration exceeds MIC.
For penicillin-resistant S. pneumoniae, with an MIC of 2 mg/L, the peak
concentration also seems of importance to achieve maximal killing.

Penicillin-resistant pneumococci were easily selected in a mixed population
exposed to different concentrations of benzylpenicillin. No regrowth was
observed when the T>MIC was 46, 38, and 48% for the susceptible,
intermediate and resistant pneumococci, respectively. Selection of resistant
bacteria may easily occur if dosing regimen are only targeted toward fully
susceptible strains.
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Future directions

Antibacterial agents have been in clinical use since the 1930s when the
sulfonamids were introduced. Soon afterwards, in the 1940s, penicillin was
used. The extensive use of antibiotics in medicine, animal breeding and
agriculture has promoted the resistance development in bacteria. Today there
is multi-drug resistance within several human pathogenic species, for
example Mycobacterium tuberculosis, Enterococcus faecium, Pseudomonas
aeruginosa and Staphylococcus aureus. It is of utmost importance to
implement a prudent use of antibiotics and to gain more knowledge about
the most efficient dosing regimens. PK/PD indices ought to be studied at an
early stage in the development of new substances not only to optimize
efficacy but also to minimize emergence of resistance. 

The immune system contributes to the healing of an infection. Many of
the studies to establish the PK/PD index for efficacy have been done on
neutropenic mice. Thus, the effect of the immune system has been excluded.
A recently published study, with a mouse sepsis model with S. pneumoniae,
showed that the T>MIC needed for efficacy of amoxicillin diminished from
26% to 3% when specific antibodies where added with the treatment (Casal,
2002). Previous studies have investigated the influence of antimicrobials on
neutophils, focusing on chemotaxis, phagocytosis, penetration and
intracellular killing (Pallister, 2000). Further studies are needed to explore
the interaction between the immune system and antibiotics for optimal
pharmacodynamic efficacy. 

Serum concentrations of antibiotics are in rapid equilibrium in the
extracellular compartments. For antibiotics that have intracellular activity,
the investigation of the intracellular killing is essential. The
pharmacodynamics of intracellular pathogens, such as Chlamydia
pneumoniae and Listeria monocytogenes, has been studied in different
models (Gustafsson, 2000; Carryn, 2002). Extracellular bacteria sometimes
also are harbored intracellularly after penetration of epithelial cells. This has
been shown for common pathogens as S. pneumoniae and S. pyogenes
(Talbot, 1996; Österlund, 1997). When PK/PD indices should be established
for intracellular drugs, is it important to include studies of the intracellular
killing. 
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Antibiotic therapies disturb the ecology of the human microbiota and the
effects vary with the pharmacokinetic properties of the antimicrobial agent
and antibacterial spectra (Edlund, 2000). Even though the microflora often
return to normal within a few weeks after completion of a treatment, a long-
term persistence of selected resistant bacteria has been confirmed. One study
showed persistence, for several years, of macrolide-resistant enterococci in
feces after the treatment of H. pylori infection (Sjölund, manuscript in
preparation). The extent to which antibiotic treatment, with different drugs
and dosing regimens, selects for persistent resistant bacteria among the
commensal microflora needs further systematic investigation.
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