Brazilian Journal of Microbiology (2007) 38:183-193
ISSN 1517-8382

EMPLOYING PHARMACOKINETIC AND PHARMACODYNAMIC PRINCIPLES TO OPTIMIZE

ANTIMICROBIAL TREATMENT IN THE FACE OF EMERGING RESISTANCE

Lauro SantosFilho?, Joseph L. Kuti?, David P. Nicolau?

1Departamento de Ciéncias Farmacéuticas, Universidade Federal da Paraiba, Jodo Pessoa, PB, Brasil; 2Center for Anti-Infective

Research and Development, Hartford Hospital, Hartford, CT, USA

Submitted: December 08, 2006; Approved: February 23, 2007.

ABSTRACT

Antimicrobial efficacy invivoisnot exclusively defined by the activity of an antibiotic as determined in the
invitro susceptibility test. Knowledge of the pharmacokinetics and pharmacodynamics of antimicrobialsand
all phenomena occurring between antimicrobial agents and microorganisms is imperative. The
pharmacodynamic (PD) parameters most often used in studies of antibiotic effect include the following
relationships: the maximum free concentration (fCra) to minimum inhibitory concentration (MI1C) ratio, the
free areaunder the curve (FAUC/MIC) ratio and the duration of time the free concentration exceedsthe MIC
(fT>MIC). Utilization of known pharmacokinetic/ pharmacodynamic surrogate rel ationships should help to
optimize treatment outcome, especially in the face of emerging resistance among Gram-positive and Gram-
negative bacteria. Clinical studiesinthefield of antibacterial PD aretill relatively scarce, and muchinformation
is needed to enable relevant dosing strategies for all types of antibiotics against all common infections and
microorganisms. Inthisreview, the distinctive patterns of antimicrobial activity based on PD parametersare
discussed. Various antibioticsand bacterial pathogens can be used as modelsto demonstrate the utility of PD
parametersin predicting thein vivo efficacy of antimicrobial therapy. And finally, the use of computer modeling
with Monte Carlo populationsimul ations can further enhance the predictability of antimicrobial efficacy when
using PD parameters.
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INTRODUCTION

Since the availability of antimicrobial chemotherapy,
scientists and clinicians have sought and debated the most
appropriate method to administer antibiotics with the purpose
of optimizing the killing of microorganisms, while minimizing
toxicity to the patient. Thediscipline of studying thisinteraction
between antibiotics and their effects on pathogensisreferred to
antimicrobial pharmacodynamics (19). Some of the earliest
documentation of antimicrobia pharmacodynamics dates back
to studies with penicillin, where it was noted that maintaining
concentrations viathe use of continuous infusion improved the
bactericidal activity compared with a bolus or ‘ discontinuous
dosing regimen (22). Today, these concepts are applied to

currently available antibiotics and are a critical part of the
development processfor al new antimicrobia agents(14). During
development, in vitro, in vivo animal, and human
pharmacodynamic studies are employed to support dosage
selection and for determination of susceptibility breakpoints (21).
Unfortunately, the call for new antimicrobial agentswith novel
mechanisms of action and activity against certain multidrug
resistant bacteriahas been largely unmet by the pharmaceutical
industry. As a result, pharmacodynamic study designs can be
utilized to optimize the dosage regimens of aready clinically
available antibioticsand, in essence, “make good drugs better”.

Increasing antimicrobial resistancewithin both Gram-positive
and Gram-negative bacteriahasfurther prompted areevaluation
of the selection of antimicrobial dosing regimens in terms of
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their pharmacokinetic and pharmacodynamicproperties. Inthis
review article, we summarize contemporary resistance data
among the most common clinically relevant pathogensin Latin
America, review pharmacodynamic concepts for currently
available antimicrobials, and discuss various methods to
optimize pharmacodynamics that may aid the reader in
combating theresistance trends heor shefacein clinical practice.

Gram-PositiveResistance

Among Gram-positive organisms, resistance within
Saphylococcus aureus and coagul ase negative staphylococci
ismost concerning. Methicillin resistanceisthe most clinically
observed phenotype, and is also common worldwide. Rates of
methicillin resistant S. aureus (MRSA) in South America are
similar or slightly lower than North America, Europe, and Asia.
Data from the SENTY Antimicrobial Surveillance Program
conducted in Latin Americaduring 2000 and 2001 found 38.6%
of S aureusand 78.1% of coagul ase negative staphylococci to
be methicillin resistant (28). However, culture source is an
important consideration asan earlier assessment from the same
group found 46.2% MRSA among respiratory isol ates between
1997 and 2000 (29). MRSA rates, obvioudly, can aso differ from
region to region and among institutions; rates were as high as
63% in some hospitalsin Columbia(2). Morerecently, MRSA
strainsthat are still susceptibleto non-B-lactam antibiotics such
astetracyclines and trimethoprim-sulfamethoxazol e, have been
isolated with increasing frequency in the hospitalized population
(18). These stainsare similar to what is currently referred to as
“community-acquired MRSA” in the United States, asthey all
produce atypelV staphylococcal cassette chromosome (SCC)
mec gene(32).

Although vancomycin has been considered the antibiotic
of choicefor most MRSA infections, overuse of thiscompound
has prompted development of vancomycin or glycopeptide
intermediate resistant S. aureus (VISA or GISA) on many
continents (Asia, Europe, North America), and the devel opment
of full vancomycin resistance (VRSA) inisolated casesin the
United States (13,48). The prevalence of these resistance
phenotypesin Latin Americais not currently well elucidated.
Fortunately, antibiotics from other classes, such as linezolid,
daptomycin, and tigecycline, are now availablethat have activity
against MRSA, GISA, and VRSA, thereby providing treatment
options for these resistant pathogens.

Increasing vancomycin use has also encouraged the
development of vancomycin resistance among Enterococcus
species, particularly within E. faecium. In Latin American
countries, E faecalis is significantly more common than the
faeciumspecies(ratio of 17:1 compared with 3:1to 5:1in other
parts of theworld); furthermore, E. faecalisisrarely associated
with vancomycinresistance.®! Asaresult, theoverall prevalence
of glycopeptideresistancein Latin Americawasonly 4% during
the 1997-2000 SENTRY Antimicrobial Surveillance Program.
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More recent data from separate surveillance studies have
observed vancomycin resistance rates in the range of 7% to
12% among dl enterococci speciesglobally (17,68). While South
American countries participated in these studies, the reports
did not differentiate resistance rates by country or continent.

Streptococcus pneumoniae is a common cause of
community-acquired infections in adults and pediatrics, most
notably pneumonia, meningitis, and upper respiratory tract
infections. Resistance to penicillin is the hallmark
epidemiological measurement. In Latin American countries,
penicillin non-susceptibility was approximately 30% during the
1997-2001 SENTRY study.’? However, high level penicillin
resistance(MIC =2 ug/ml) wasonly 11.9%. Macrolideresistance
(i.e., erythromycin) wasal so approximately 13% during that same
time period; those isolates that displayed high-level resistance
to penicillinwere morelikely to be non-susceptibleto macrolides
and trimethoprim-sulfamethoxazole. Subsequent years (up to
2003) fromthe SENTRY studieshave demonstrated no increases
in penicillin non-susceptibility or high-level resistanceinthese
countries (33). Similar observations were seen in other
surveillance studies (11,56). Fluoroquinol oneresistance, which
has been increasingin Asiaand Canada, remainslessthan 0.5%
in Latin America. Nevertheless, emerging reportsglobally have
indicated that as many of 29.9% of Streptococcus pneumoniae
(including those that are fluoroquinolone susceptible) may
harbor a first step mutation in ParC.° Although, the clinical
significance of this observation is not well known yet, reports
of fluoroquinolone failures have been associated with the
presence of thisresistance mechanism (5,38).

Gram-negative Resistance

Resistance among gram-negative bacteria, particularly
Acinetobacter baumannii, Pseudomonas aeruginosa, and
certain Enterobacteriaceaeisof great concerninLatin American
countries. During arecent review of global datacollected during
the Meropenem Yearly Susceptibility Test Information
Coallection (MY STIC) Program, South Americahad the lowest
susceptibility rates among tested 3-lactams, fluoroquinolones,
and aminoglycosides against Acinetobacter and P. aeruginosa
compared with any other participating region of theworld (79).

Acinetobacter baumannii and other Acinetobacter species
are emerging opportunistic pathogens due to the ability for
these organisms to produce numerous simultaneous resi stance
mechanisms. Duringthe MY STIC study (2002-2004), antibiotic
susceptibilities were greatest for the carbapenems (71.5% and
71.9% for meropenem and imipenem), followed distantly by
gentamicin (48.0%) and other antibiotic classes (79). Carbapenem
resistancein one study, however, appeared to be highest among
isolates from Argentina compared with other Latin America,
thusit is apparent that clonal resistance that differsregionally
is an important determinant of local resistance rates (77). In
Brazil, Acinetobacter baumannii presented susceptibility rates



to meropenem of 97.1% and 73% to tobramycin during the 2003
MY STIC study (39). While the carbapenems (imipenem and
meropenem) are still considered the antibiotics of choice for
Acinetobacter infections, the occurrence of metallo-B-
lactamases are increasing in frequency and cause high-level
(MIC > 32 pg/ml) resistance to these agents (66). They also
efficiently hydrolyze other 3-lactam antibiotics and are often
resistant to fluoroquinolones and aminoglycosidesviaplasmid
mediated resistance. These enzymes are fortunately still rare,
but are more prevalent in certain Latin America countries
compared with other regions of theworld (66).

P. aeruginosaisone of the most common pathogenic Gram-
negatives occurring in Latin America. Like Acinetobacter, it
too, hasthe ability to devel op numerous resistance mechanisms
making it aproblematic pathogentotreat. Antibiotic susceptibility
during the2002-2004 MY STIC studieswere’57.5%, 56.9%, 52.1%,
47.3%, 45.6% and 44.4% for piperacillin/tazobactam, meropenem,
imipenem, ceftazidime, ciprofloxacin, and gentamicin against
1159 P. aeruginosa from South America, respectively (79). These
susceptibility rates were similar to those observed during the
Braziliananalysisof MY STIC (2003) aswell aslater yearsof the
SENTY Antimicrobial Surveillance Programin Latin America
(circa2001) (7,39). In al of these analyses, the carbapenems,
pi peracillin/tazobactam, and the aminoglycosides (specificaly,
amikacin) had the greatest susceptibility rates. Nevertheless,
resistance rates were still high for these compounds, and often
the best agent had no better than 60-70% susceptibility against
these strains. Like Acinetobacter, P. aeruginosa was also a
culprit in the emerging production of carbapenemases and
metallo-f-lactamasesin Latin America(66).

As aresult of such high levels of resistance among these
non-fermenting Gram-negatives, therapeutic options based on
microbiology alone are few. In such cases, polymixin, an old
member of the polypeptide antibiotic class, may still serve some
utility. Tested against 54,731 Gram-negative bacilli worldwide,
polymixin resistance remained surprisingly low, evenin Latin
America(30). Resistancerateswereonly 1.1% and 1.7% against
P. aeruginosa and Acinetobacter spp., respectively. However,
susceptibility against other notable resistant non-fermenting
Gram-negative bacteria was variable: Stenotrophomonas
maltophilia (72.4%), Burkholderia cepacia (11.8%).

Among common Enterobacteriaceae, the most concerning
resistance mechanisms include the production of Extended
Spectrum B-lactamases (ESBL s) and derepression of theAmpC
cephalosporinase. ESBL resistance is most notable within
Klebsiella spp. and Escherichia coli, whileAmpC resistanceis
frequent among Enterobacter spp. Although the ESBL rate for
Klebsiella spp. has been steady over the last decade, it has
been high. Between 1997-2000, 26.7% to 49.6% of Klebsiella
spp. produced an ESBL; furthermore, most of the countries
participating reported rates in the 40" percentile (29,67).
Meanwhile, ESBL ratesin E. coli have observed light increases
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over that time period, from 4.7% in 1997 to 9.4% in 2000 (67).
One study from Columbia observed similar ESBL rates for
Klebsiella spp. and E. coli in 2002, although prevalencevaried
substantially among the 8 participating hospitals (81). These
investigators al so went on to characterize the ESBL sand found
that 59% and 34% of Klebsiella pneumoniae and E. cali,
respectively, produced multipleenzymes. Theseincluded TEM,
SHV and most frequently, CTX-M enzymes. While
Enterobacter spp. can also produce ESBL s, expression of the
chromosomally mediated AmpC cephalosporinase is more
common. Such pathogens display poor susceptibility to
ceftazidime (68.4%), aswell as 3-lactam/B-lactamaseinhibitors
such as piperacillin/tazobactam (68%) andticarcillin/clavulanate
(56.5%) (67). However, cefepime remained very active against
thispathogen in Latin America(91.5% susceptible). In general,
carbapenems retained activity for both these ESBL producing
Enterobacteriaceae and those with derepressed AmpC.

Of particular concern isthe increasing resistance of Gram-
negatives to fluoroquinolone antibiotics. Ciprofloxacin
susceptibility within Acinetobacter spp. and Pseudomonas are
commonly less than 50% and 70% across Latin American
countries. Resistance to other fluoroquinolones, such as
levofloxacin and gatifloxacin, are even higher for these non-
fermentors. Additionally, fluoroquinolone resistance within E.
coliisrising (67). Susceptibility was approximately 85% in 2000
for these antibiotics; resistance is now over 20% in some
countries (2,67). Furthermore, in an analysis of various
continents across the world that participated in both SENTRY
and MY STIC, Latin Americawasindependently associated with
ciprofloxacin non-susceptible E. coli and had the highest
resistance rates compared with Northern Europe, Southern
Europe, North America, and the Western Pacific (71).
Fluoroquinol ones, therefore, may not be aviable option for the
treatment of many Gram-negativeinfectionsin the near future.

Phar macodynamic Principles

In light of increasing resistance among Gram-positive and
Gram-negative bacteria, opportunitiesexist to optimizeantibiotic
therapy against these organisms based on the knowledge of
pharmacodynamics, i.e., how the drugsand bugsinteract. First,
it is imperative to realize some consistencies among the
pharmacodynamic rel ationships discussed below. Foremost, it
is the free or unbound antibiotic that is responsible for
antibacterial activity (19). Drug that isbound to human proteins,
routinely albumin, cannot effectively bind to their site of action
on the bacteriaand induce their antimicrobial activity. In cases
where an antibiotic has low protein binding, the total drug
concentrations are a reasonable indicator of exposure, but in
cases of highly bound drugs, a correction factor should be
utilized. Second, antibiotic concentrations in the human body
are often referenced to the blood because it is easiest to
determine concentrations at this site. However, it should be

185



SantosFilho, L. et al.

emphasized that the antibiotic must get to the site of theinfection,
and therefore tissue penetration should be considered. In some
cases, antibiotics do not penetrate completely to the site of
infection (B-lactam penetration into the epithelia lining fluid
[ELF] of thelung, or any antibiotic into the cerebral spinal fluid),
thus the knowledge of blood concentrations only may lead to
an overestimation of the actual tissue concentrations. In contrast,
other antibiotics may accumulate at the site of infection and
therefore concentrations are severa fold higher than they are
in blood (e.g., macrolides, ketolides and fluoroquinolones in
the ELF, or B-lactamsintheurine).

Antimicrobial killing isdependent on both the concentration
of drug inrelation to the M1 C and the time that thisexposureis
maintained (Fig. 1) (14,19). When the effect of concentration
predominates over that of time, the antimicrobial is said to be

concentration-dependent and bactericidal effectsare associated
with an optimal free drug maximum concentrationto MICratio
(fCra/MIC). When the effect of time is greater, the antibiotic
displays time-dependent antibiotic activity, and bacterial
outcomes are associated with free drug concentrations above
the MIC for a defined portion of the dosing interval, or time
abovethe MIC (fT>MIC) (78). A summary of currently available
antibioticsand their respective pharmacodynamic categoriesis
listedin Table 1.

At standard doses, concentration-dependent antimicrobials
include the aminoglycosides, fluoroguinolones, daptomycin,
metronidazole and colistin (14,17,47,70). The goal when dosing
concentration-dependent antimicrobialsisto achieveaC.a/MIC
of approximately 10to 12 (59, 60, 64). Thus, apharmacodynamic
approach to admini stering the aminoglycosideswould beto give

Table 1. Summary of antibioticsthat display concentration-dependent or time-dependent killing characteristic and the requisite

pharmacodynamic exposure.

Antibiotic Class - Antibiotic

Killing Characteristic

Pharmacodynamic Parameter*

Aminoglycosides

amikacin, gentamicin, tobramycin Concentration

Dependent
B-lactams
carbapenems (ertapenem, imipenem, meropenem)
cephal osporins (e.g., ceftazidime, cefepime) Time Dependent

penicillins(e.g., penicillin, oxacillin,
piperacillin/tazobactam)

Fluoroquinolones
ciprofloxacin, levofloxacin, moxifloxacin

Glycopeptides

vancomycin Time Dependent
Glycylcyclines

tigecycline Time Dependent
Ketolides

telithromycin Concentration Dependent
Lipopeptides

daptomycin Concentration Dependent
Macrolides

azithromycin Time Dependent

clarithromycin

Nitroimidazoles
metronidazole

Oxazolidinones
linezolid

Concentration Dependent

Concentration Dependent

Time Dependent

fCra/MIC > 10 — 12 (Gram-negatives)

40% fT>MIC (bactericidal activity, Gram-negatives)
40% - 70% fT>MIC (bactericidal activity, Gram-negatives)
50% fT>MIC (bactericidal activity, Gram-negatives)

AUC/MIC > 125 (Gram-negatives)
fAUC/MIC > 30 — 50 (Gram-positives)

AUC/MIC > 345

AUC/MIC = 6.96 (Gram-negatives)
AUC/MIC > 12.5 — 17.9 (Gram-positives)

AUC/MIC = 3.375

fAUC/MIC 12 — 36 (Staphylococcus aureus)
fAUC/MIC 5-13 (Enterococcus spp.)

AUC/MIC > 254
40% - 50% T>MIC

AUC/MIC > 70 (Bacteroides fragilis)

AUC/MIC > 39 — 167 (Staphylococcus aureus)

* Exposures are total drug unless otherwise noted
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AUC = Area under curve

Concentration (mg/L)

------------------- MIC = Minimal inhibitory
concentration

Time (h)

Figure 1. Depiction of pharmacodynamic parameters over a
concentration time profile

avery large dose once daily in order to maximize the Cra/MIC
(26). While fluoroguinolones are concentration-dependent
antimicrobials, the maximum dosethat can begivenislimited by
dose-related toxicity, thus a Cna/MIC of 10 to 12 cannot be
achieved for many pathogens and time must be considered to
maximizeresponse. Therefore, in many pharmacodynamic studies,
the bactericidal effect hasbeen correlated with the areaunder the
curve (AUC) to MIC (45). Against Gram-negative bacteria an
AUC/MIC= 125isrequired for maximd effect, whileGram-positive
bacteria, such as Sreptococcus pneumoniae, require an AUC/
MIC=>30(83).

Unlike many other classes of antimicrobials, the
fluoroquinolone and aminoglycoside pharmacodynamic
breakpoints have been validated in human trials, as opposed to
only invitroand invivo animal studies. Thiswasdonewith the
aminoglycosides during the 1980's and more recently with
fluoroquinolones against both Gram-negative and Gram-
positive pathogens (3,20,25,57,60,64). In astudy of 74 patients
receiving ciprofloxacin for serious nosocomial infections, an
AUC/MIC below 125 was associated with alower probability of
clinical and microbiologic response (25). Additionally, anAUC/
MIC above 125 and above 250 were significantly associated
with shorter median times to eradication (AUC/MIC<125: 32
days, 125-250: 6.6 days, >250: 1.9 days, P<0.005). However, itis
important to acknowledge that the majority of patientsincluded
wereinfected with Gram-negative bacteriaand that the authors
did not consider the protein binding of ciprofloxacin in their
analysis. In another study, alevofloxacin total drugAUC/MIC
exposure greater than or equal to 87 was prospectively
determined to be an important factor in predicting eradication
in 47 patients with nosocomial pneumonia (20). This study
included both Gram-positive and Gram-negative pathogens, as
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well as the use of combination therapy for Pseudomonas
aeruginosa. These variables along with slightly different
methodologies, including consideration of protein binding or
not, may partially explainwhy the pharmacodynamic breakpoints
among these studies do not agree.

In aseparate study eval uating gatifloxacin and levofloxacin
pharmacodynamics against S. pneumoniae, Ambrose and
colleagues found that a free drug AUC/MIC greater than 33.7
was a significant predictor of clinical and microbiological
responsein patientswith lower respiratory tract infections (3).
While providing important information regarding the in vivo
pharmacodynamic profiling for these agents, this study did not
appear to include isolates with varying fluoroquinolone
genotypic resistance profiles such as Par C. Moreover, recently
derived invitro pharmacodynamic datawith i sol ates containing
these genotypic mutations have suggested that considerably
higher exposures (i.e., AUC/MIC) are required to produce
bactericidal outcomes and prevent the emergence of further
resistance (1,24). Similar observations have been documented
against P. aeruginosa, suggesting that an AUC/MIC of 125
may not be great enough to prevent resistance (34, 72).

Time-dependent antimicrobials include B-lactams,
vancomycin, some macrolides, tigecycline, and clindamycin. In
general, B-lactam antibiotics require fT>MIC for 50% of the
dosing interval; however, exposure can vary by the specific -
lactam class. For instance, whilethe penicillinscommonly require
approximately 50% fT>MIC for bactericidal effects, discordance
among exposures for the cephalosporins has been reported
with a requirement between 50% and 70% fT>MIC for
bactericidal activity (78). Additionally, in vivo animal studies
with the fourth generation cephalosporin, cefepime, have
demonstrated bactericidal effectsat free drug exposuresaslow
as40%fT>MICfor Escherichiacoli irrespectiveof the production
of extended-spectrum B-lactamases (ESBLS) (53). The
carbapenem class (i.e., imipenem, meropenem, ertapenem) of
antibioticsare generally thought to requireless T>MIC because
of their post-antimicrobial effect against Gram-negative bacteria
and their high affinity for penicillin binding proteins (54).
Bacteriostatic and bactericidal effectsare observed at 20% and
40%fT>MIC, respectively.

In contrast to the aminoglycosides and fluoroquinolones,
little data in humans are available to directly validate these
pharmacodynamic endpointsfor B-lactams. Instead, numerous
studieshavelinked clinical responsewith MIC; adetailed review
of these studies has been published (78). In a separate review,
a quantitative relationship between time above the MICy in
serum and bacteriologic success for a variety of B-lactams
(penicillinsand cephal osporins) in the treatment of otitismedia
and acute maxillary sinusitis was demonstrated (16). The
authors demonstrated that bacteriologic success was greatest
whenthe T>MIC wasat least 50% of thedosinginterval. More
recently, the pharmacodynamics of cefepime were determined
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in 20 patients with P. aeruginosa infections (74). These
investigators observed a strong link between microbiological
successand T>MIC. Successwas 89% when T>MIC was 100%
compared with 0% when T>MIC waslessthan 100%, p=0.032.
A minimum concentration (Cin)/MIC > 4.3, however, was
independently predictive of response. A similar analysisof 101
adults with lower respiratory tract infections receiving
meropenem demonstrated that while all pharmacodynamic
parameters could belinked to response, the fC.i/M1C was most
predictive; a ratio greater than 5 was required to predict
microbiological eradication (46). Although these were small
studies and had their limitations, the data suggest that higher
pharmacodynamic targetsthan previously documented fromin
vitro and animal studies may be needed in the clinical setting.

Although vancomycin successfor Gram-positiveinfections
has historically been thought to be associated with T>MIC,
data actually suggest that the AUC/MIC ratio best predicts
outcomes for this time-dependent antibiotic (65). Studies in
patients with pulmonary infections caused by S. aureus
observed that vancomycin response was associated with atotal
drug AUC/MIC > 345, and microbiological eradication was
associated with an AUC/MIC > 400 (57, 58). Assuming about
50% protein binding, these total drug targets are similar to the
fAUC/MIC targets found in the original in vivo murine thigh
infection models required for a static effect (65). Alternative
supportive data are provided by studies suggesting that
outcomes for S. aureus bacteremia were very low when the
MICwas> 1 ug/ml; at thisMIC, the standard vancomycin dose
(19 g12h) does not attain these AUC/MI C exposuresin patients
with reasonable renal function (69). Pharmacodynamic datafor
teicoplanin, another glycopeptide, is not available yet, but
should be similar to vancomycin targets.

As newer antibiotics become clinically available, the
determination of pharmacodynamic endpoints for these agents
is also conducted. When the pharmacodynamics of the novel
ketolide, telithromycin, wasexamined in murineinfection models,
it was noted to display concentration-dependent killing, with
the free AUC/MIC being most predictive of bacterial load
reduction (76). This finding is in discordance with older
macrolides, which are better described astime-dependent killing
antibiotics(37). Morerecently, telithromycin pharmacodynamics
were examined in 115 patients with community-acquired
pneumonia caused by extracellular pathogens, most of which
were Haemophilusinfluenzaeand S. pneumoniae (50). AnAUC/
MIC > 3.375 wasassoci ated 90.8% positive predictive valuefor
eradication, whilevalues below thisbreakpoint where associated
with 23.5% negative predictive value. This means that the
determined breakpoint was highly sensitive for identifying
eradication, but not specific for it, so that apatient not obtaining
anAUC/MIC of 3.375would not necessarily alwaysfail therapy,
but might be morelikely to do so. Linezolid isthefirst in class
oxazolidinone. The pharmacodynamics of thisagent have been
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assess in a murine thigh infection model, and a total AUC/
MIC of 39to 167 (mean = 83) was required to produce astatic
effect against S. aureus, including amethicillin resistant strain
(6). Half the exposure was required against S. pneumoniae.
Daptomycin pharmacodynamics were concentration-
dependent in murine infection models against S. aureus and
enterococci; afree AUC/MIC ratio of 12 to 36 and 5 to 13,
respectively, were associ ated with static effects (17,51). Finaly,
the pharmacodynamics of tigecycline, a novel glycylcycline
antibiotic derived from minocycline were analyzed in patients
with complicated skin and skin structure infections and
complicated intra-abdominal infections. Tigecycline displays
time-dependent activity, and atotal AUC/MIC>6.96and > 12.5
- 17.9for Gram-negative and Gram-positive bacteria, respectively,
was predictive of successful clinical responses (55,63,80).

Optimizing Phar macodynamics

New antibiotics are needed to combat the emerging
resistance in Latin American countries. While novel Gram-
positive antibiotics have been introduced that have activity
against MRSA, VRE, and penicillin-resistant S. pneumoniae,
antibioticswith activity against multidrug-resistant Acinetobacter
pp. and P. aeruginosa are many yearsfrom clinical development.
As aresult, we must look to our currently available antibiotic
armamentarium for clinical use against these organisms.
Pharmacodynamic concepts can be utilized to devel op strategies
to optimize the dosing of these antibiotics, in many cases,
without sacrificing patient safety.

Aminoglycosides (tobramycin, gentamicin, and amikacin) are
animportant therapeutic option for non-fermenting Gram negative
infections, especidly in combination with other antibiotic classes.
Because these antibiotics are concentration-dependent and the
CrmadMIC ratio isassociated with positive outcomes, increasing
the administered dose of these drugs should be considered.
Moreover, because higher concentrations are obtained, the
dosing interval can be extended to prevent aminoglycoside
accumulation and associated nephro- and ototoxicity. This
dosing strategy has been termed Once Daily or Extended Interval
Aminoglycoside Dosing. Numerous data support the use of
extended interval aminoglycosides, and some reports have
suggested less toxicity with this regimen (26). Individualized
pharmacokinetic monitoring has been proposed as the most
accurate method to achievethetarget Cr/MIC of 10t0 12 (35,82).
However, one must consider the cost of multiple drug samples,
the potential for impractical dosing schedules, the requirement
for a significant understanding of pharmacokinetic principles
by theclinician, and the experti se and time associated with using
pharmacokinetic computer software to calculate kinetic
parameters. Moreover, the denominator inthe C,o/MICratiois
seldom available to the practicing clinician, thus the economic
benefit of potentially administering lower dosesfor bacteriawith
alower aminoglycosideMICisrarely redized. Thisindividualized



approach, however, is the most appropriate method for
admini stering the agent to patientswith unusual pharmacokinetics,
such as pregnant women, burn patients, or patientswith ascites,
etc. Another approach to extended-interval aminoglycoside
administration has been through the use of population kinetics
and ingtitution specific dosing nomograms (4,31,62).

The dose of an aminoglycoside should be based on the MIC
of the causative pathogen, when available. If using anomogram,
theideal dose should be onethat isbased on the aminoglycoside
MICq for the most common pathogen targeted at that specific
ingtitution (e.g., P. aeruginosa). Somenomogramshave suggested
dosesof 5mg/kg instead of 7 mg/kg oncedaily. Inmany instances
adose of 5 mg/kg is more than adequate to achieve a C.x/MIC
ratio of 10to 12. In other cases, adose higher than 7 mg/kg may
be necessary if the MIC is greater than 2 pg/mL. Continued
monitoring of MIC distribution changes is necessary to assure
appropriate use of nomogram dosing.

Dueto their activity against many multidrug-resistant non-
fermenting Gram-negative rods, colistin (polymyxin E) or
polymyxin B remain potential treatment options (23).
Unfortunately, the pharmacodynamics of these agents are not
well established and clinicians are not likely using appropriate
dosing based on pharmacodynamic concepts, moreover, one
must consider the potential for nephrotoxicity and peripheral
neuropathy with this antibiotics. Onein vitro study that linked
AUC/MIC to the development of resistance observed that a
dose 8 times greater than the standard 2.5mg/kg dose was
required to maintain bactericidal activity at 24 hours (1). They
suggested further studies with higher, but less frequent
polymyxin B dosing, similarly to what is done with the
aminoglycosides.

Manipulation of the dosage of -lactams offers among
the broadest spectrum of possibilities for optimizing
pharmacodynamics. Thisis further supported by the safety of
these compounds at higher doses, aswell astheir popularity as
antibiotic workhorses in many hospitals. Since the B-lactams
are time-dependent killing agents, maximizing the fT>MIC is
necessary for optimal bacterial load reduction. Accordingly,
numerous strategies such as prolonging the infusion time over
several hours, or administering the antibiotics as a continuous
infusion over the entire day, have been advocated (15,54). Both
prolonged and continuous infusion dosing concepts require
less antibiotic to achieve similar exposures to standard
intermittent infusions and thus may provide an economic
benefit; however, it is the ability to use high doses along with
these dosing strategies to pursue treatment of less susceptible
pathogens(10,37,43,49).

Numerous B-lactams have been studied as continuous
infusions, the majority of which would otherwise require
numerous daily dosing because of short serum half-lives, such
as piperacillin/tazobactam, ceftazidime, cefepime, oxacillin,
and nafcillin. The only caveats to continuous infusion are the

Optimization of antimicrobial treatment

reguirement of room temperature stability for the 24 hoursand
dedicated line access. In the case of poor stability, continuous
infusion can still be conducted if the bag is changed within the
required time frame or if the infusion bag is surrounded by
freezer packs to maintain stability (54). Alternatively, the
prolonged infusion strategy may be adopted. This concept
involvesinfusing the B-lactamfor only afew hours(e.g., 3. t04
hours) on a standard every 6 to 8 hour schedule. The majority
of data with prolonged infusion have been conducted with
carbapenems due to their poor stability at room temperature;
however, logistically, this can be applied to any B-lactam. Data
with piperacillin/tazobactam and cefepime areavailable (49,73).

Unfortunately, unlike aminoglycosides and vancomycin,
most hospitals do not have the resources to conduct B-lactam
concentration monitoring; therefore, it is more difficult to
individualize dosing strategies for these antibiotics. In the
absence of concentration data, population pharmacokinetic
modelsand Monte Carlo simulation can be utilized to estimate
the likelihood of different dosage regimens achieving the
requisite pharmacodynamic target (8). Monte Carlo simulation
is a stochastic model that considers the variability in patient
pharmacokinetic parametersaswell asthelikelihood of infection
with an organism with aspecific MIC (44). Combined with local
or national surveillance MIC data, these models can assist in
choosing among antibiotic regimensempirically, and determining
optimal dosage regimens to employ against less susceptible
bacteria(42,44). Thistechniquewas utilized to assess differing
antibiotic regimens against Gram-negative bacteria collected
from the MY STIC Program in South America (41). The
simulations suggested that meropenem and imipenem had the
greatest likelihood of achieving bactericidal exposure against
the non-fermenting Gram-negative bacteria, although neither
regimen attained high probabilities. Thus, combination therapy
was advocated. Additionally, the simulations pointed to
discrepancies between susceptibility and pharmacodynamic
attainment against P. aeruginosa, specifically for piperacillin/
tazobactam 4.5g g8h and ciprofloxacin 400 mg q12h. Whereas
susceptibility was approximately 67% and 55%, respectively,
target attainment was only 26% and 33%, suggesting that
standard dosages for these antibiotics may betoo low for even
susceptible bacteria.

If local susceptibility dataareknown, dosing strategiessuch
as prolonged or continuous infusion can be implemented to
increase the likelihood of target attainment against less
susceptible bacteria. An assessment of the bacteriaimplicated
in consecutive infections in one hospital’s intensive care unit
in Brazil demonstrated that standard dosing regimens might
not be ideal empirically due to high resistance rates (40). P.
aeruginosa was the most commonly isolated organism, and a
high dose, prolonged infusion regimen of meropenem (2g g8h
asa3hour infusion) achieved 88% likelihood, while the standard
1g g8h (30 minuteinfusion) regimen achieved only 80.7%. This
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pharmacodynamically optimized regimen for meropenem can
achieve>40% fT>M I C against organism considered meropenem
intermediate (MIC = 8 pg/ml) and those considered resistant
(MIC = 16 pg/ml) (42,73). Similarly, a high dose prolonged
infusion of cefepime (2g g8h asa3-4 hour infusion) can achieve
> 50% fT>MIC against organisms considered cefepime
intermediate (MIC =16 pg/ml) and resistant (M1C = 32 mg/ml)
(52,73). Inthe unfortunate case that organismswith these MIC
valuesexistin one’ shospital population, these optimized dosing
regimens should be advocated empirically until susceptibility
dataareavailable.

CONCLUSIONS

Antimicrobial resistance among Gram-positive and Gram-
negative bacteriain Latin American countriesisincreasing. Since
few novel antibiotics are near market entrance, specifically
against Gram-negatives such as P. aeruginosa and Acinetobacter
spp., we must optimize the dosing of currently available agents.
Pharmacodynamic studies in essentially all antibiotics are
available demonstrating relationships between concentration,
MIC, and microbiological effects. Furthermore, quantitative
targets can help clinicians and researchers design dosing
regimens that have a high likelihood of obtaining requisite
exposures for usein daily clinical practice. In some instances,
novel administration strategies including high-dose extended
intervals for aminoglycosides and prolonged or continuous
infusion for B-lactams will be required to optimize antibiotic
pharmacodynamics against these less susceptible pathogens.

RESUMO

Utilizacdo de principios de farmacocinética e
farmacodinamica na otimizacéo do tratamento
antimicrobiano com relacdo a resisténcia emer gente

A eficacia antimicrobiana in vivo ndo pode ser definida
exclusivamente pel aatividade de um antibi 6tico determinada por
um teste de sensibilidade in vitro. O conhecimento da
farmacocinéti ca e farmacodinémica dos antimicrobianos, assm
como de todos os fenbmenos que ocorrem entre agentes
antimicrobianose microrganismoséfundamenta nainterpretacdo
dedgunsresultados. Osparametrosfarmacodinamicos (PD) mais
frequentemente usados nos estudos do efeito dos antibidticos
incluem os seguintes relacionamentos: a concentracéo livre
maxima(fC...) comrelacdo aconcentracdoinibitériaminima(CIM),
aéarealivresobacurva(fAUC/CIM) eaduracédo do tempoemque
aconcentracdo livre excedeaCIM (fT> CIM). A utilizacdo dos
dados conhecidos de farmacocinética/farmacodinémica devem
gjudar a otimizar o resultado dos tratamentos adotados,
especialmente com relacdo a resisténcia emergente entre as
bactérias Gram-positivas e Gram-negativas. Os estudos clinicos
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no campo da farmacodin@mica dos antimicrobianos ainda séo
relativamente escassos, e muita informacéo € necesséria para
permitir estratégias de dosagem relevantes para todos os tipos
de antibidticos contra a todas as infecgdes e microorganismos
comuns. Nesta revisdo, os padrdes distintos da atividade
antimicrobianabaseado em parémetros de farmacodinémica sdo
discutidos. Véarios antibidticose patdégenos bacterianos podem
ser usados como modelos para demonstrar a utilidade de
parametros de farmacodinémicaem predizer aeficiciain vivoda
terapia antimicrobiana. E finalmente, 0 uso da modelagem
computadorizada utilizando a simulacdo de Monte Carlo em
determinadas populacdes podem realcar ainda mais o valor
preditivo eaeficaciaantimicrobianaquando seutilizam parémetros
defarmacodinamicanasinterpretacoes.

Palavr aschave: antibiotico, bactérias, farmacodindmica, resis-
téncia
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