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Abstract

The pharmacodynamics of an antimicrobial drug relates its pharmacokinetics to the time course of
the antimicrobial effects at the site of the infection. Knowledge of the drug's antimicrobial
pharmacodynamic effects (eg, rate and extent of bactericidal action and postantibiotic effect)
provides a more rational basis for determination of optimal dosing regimens in terms of the dose
and the dosing interval than do the minimal inhibitory concentrations (MICs) and minimal
bactericidal concentrations (MBCs) determined in vitro. This article reviews pharmacokinetics,
antimicrobial pharmacodynamics, the effect of pharmacodynamics on the emergence of resistant
bacterial subpopulations, and the development of pharmacodynamic breakpoints for use in the
design of trials of these drugs and in the treatment of infected patients.

Keywords

Pharmacokinetics; Pharmacodynamics; Antimicrobial susceptibility; Concentration-dependent
antimicrobial activity; Time-dependent antimicrobial activity

IN VITRO ANTIMICROBIAL ACTIVITY OF DRUGS

Minimal Inhibitory Concentrations and Minimal Bactericidal Concentrations

Despite acknowledged exceptions with certain drug—bacteria combinations, antibacterial
drugs are usually divided into two groups: those that are primarily bacteriostatic (ie, that
inhibit growth of the organism) and those that are primarily bactericidal (ie, that kill the
organism). Bacteriostatic drugs require the aid of host defenses to clear tissues of the
infecting microorganism; if the host defenses are systemically inadequate (eg,
agranulocytosis) or the host defenses are impaired locally at the site of infection (eg, cardiac
vegetation in left-sided endocarditis, cerebrospinal fluid in meningitis), the pathogen will
resume growth after stopping the bacteriostatic drug, and the infection will relapse. Bacterial
infection in these circumstances will require the use of bactericidal drugs. Bacteriostatic
drugs are sufficient for most other infections.

The in vitro antimicrobial activity of drugs is usually assessed by determining of the MIC
and MBC after overnight aerobic incubation of a standard and size inoculum of bacteria in a
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low protein liquid medium at pH 7.2. These in vitro conditions are likely very different from
those expected at the site of infection, where the milieu is frequently acidic and anaerobic,
and tissue protein may bind a variable amount of the drug. The MIC and MBC, which are
determined at a fixed point in time after exposure to drug concentrations that remain
constant throughout an overnight incubation period, do not provide information on the time
course of the antimicrobial effect of the fluctuating antimicrobial drug levels that are present
in a treated patient. In addition, the MIC and MBC are measured against a standard bacterial
inoculum (about 10° colony-forming units/mL) that does not necessarily correspond to
bacterial densities at the site of infection (10810 colony-forming units/g of tissue or pus).
The in vitro inoculum is also in the exponential phase of growth, unlike the majority of
organisms in an established infection, which are nongrowing.

The MIC is defined as the minimal concentration of antibiotic that prevents a clear
suspension of 10° colony-forming units (CFUs) of bacteria/mL from becoming turbid after
overnight incubation; turbidity usually connotes at least a 10-fold increase in bacterial
density. Because clear bacterial suspensions may have bacterial densities that are 10° CFU/
mL or less, the MIC may actually be bactericidal to some extent.

If the minimal concentration of the antibiotic that prevented turbidity lowered the bacterial
density from 10° to at least 102 CFU/mL, that is, a 99.9% (3-logso) reduction in bacterial
inoculum, the minimal concentration that prevented turbidity (ie, the MIC) is also the MBC.
For bactericidal drugs, the MBC is usually the same as, and generally not more than fourfold
greater than, the MIC. In contrast, the MBCs of bacteriostatic drugs are many-fold greater
than their MICs. Bacteriostatic drugs include the macrolides, clindamycin, the tetracyclines,
the sulfonamides, linezolid, and chloramphenicol. Bactericidal drugs include the beta-
lactams, vancomycin, the aminoglycosides, the fluoroquinolones, daptomycin, and
metronidazole.

Time-kill studies, which are used to determine the rate of bactericidal activity, involve
sampling a bacterial suspension of 10° CFU/mL in broth at various time intervals, (eg, at 2,
4, 6, and 24 hours of incubation) after addition to a particular concentration of the antibiotic.
This method is also used to assess the interaction of two antimicrobial drugs for synergy or
antagonism.

The MIC is a measure of the potency of an antimicrobial drug. Isolates of a particular
species will have varying MICs; sensitive strains will have relatively low MICs, and
resistant strains will have relatively high MICs. The breakpoint MIC is the MIC that
separates sensitive and resistant strains, and it was traditionally selected on its ability to
distinguish two disparate populations: one population with MICs at less than the breakpoint
(ie, susceptible) and one with MICs at more than the breakpoint (ie, resistant). Another
attribute of the breakpoint MIC is correspondence to achievable serum drug levels using
standard dosing. However, concentrations may be much higher than serum levels for drugs
that concentrate at intracellular sites or at excretory sites, such as in urine or bile, or may be
considerably lower than serum levels at secluded foci, such as the cerebrospinal fluid, the
eye, the prostate, or centers of abscesses.

For example, the breakpoint concentration for susceptibility to azithromycin is 0.5 pg/mL or
less, which may be barely higher than the usual peak serum level of 0.4 pg/mL. Because
azithromycin in sequestered within phagocytes, this serum concentration may be fine for
predicting its effectiveness against intracellular pathogens, such as legionella, mycoplasma,
or chlamydia, but may be problematic for extracellular pathogens such as Streptococcus
pneumoniae. In addition, drugs that are highly bound to serum protein may have reduced
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antibacterial activity in serum and will not penetrate tissues as well as drugs that are less
protein bound. In these cases, the results of in vitro testing may not predict the in vivo effect.

PHARMACOKINETICS

Absorption

Pharmacokinetics describes the time course of drug levels in body fluids as a result of
absorption, distribution, and elimination of a drug after administration.

Most antimicrobial drugs are administered either by the intravenous (1V) or oral
administration (PO) routes. Absorption is best described by the drug's bioavailability, which
is defined as the percentage of a drug's dose that reaches the systemic circulation.

Intravenous Administration

When the entire dose is administered by the 1V route, 100% of that dose is bioavailable.
Rates of 1V administration can vary from a bolus infusion (in which the total 1V dose is
given over a very short interval of time, eg, a minute or less) to a very slow infusion over
many hours. Delivery of drugs by the 1V route is complete by the end of the infusion, when
a peak plasma level is achieved. The height of the peak plasma drug level is determined by
the rate of IV infusion, the size of the dose, the size of the drug's volume of distribution, and
its rate of elimination. Peak plasma drug levels will be the highest after bolus administration
because the duration of infusion is too short for significant distribution or elimination of the
drug to occur. For these reasons, relatively rapid IV administration is most often chosen for
antimicrobial therapy of a patient who has severe infection, when an antimicrobial effect is
sought as soon as possible. Slowing the rate of IV infusion allows distribution of the drug in
the body and drug elimination to take place, and consequently, lower peak plasma drug
levels occur.

Use of bolus administration, however, may be limited by concentration-dependent drug
toxicities (eg, red-person's syndrome, which is related to rapid infusion of vancomycin).
Also, because the drug will have to be diluted in a relative small volume, bolus infusion will
expose the vein through which the drug is infused to high drug concentrations that may limit
the use of bolus infusion because of venous irritation and pain. For example, because of its
propensity for causing phlebitis when infused by way of a peripheral vein, quinupristin/
dalfopristin must be infused using a central venous catheter, in which greater dilution of the
drug will occur.

Oral Administration

A few antibacterial agents have excellent bioavailability after oral administration. For
example, the fluoroquinolones, metronidazole, tetracycline, minocycline, doxycycline,
linezolid, and trimethoprim-sulfamethoxazole are well-absorbed drugs, for which PO and 1V
doses are similar. Because absorption and distribution is taking place while a drug is being
absorbed after oral administration, peak plasma levels can be delayed and usually are not as
high as those achieved by IV infusion.

After oral administration, the bioavailability of penicillin G, which is destroyed by gastric

acid, is low (< 30%). Penicillin V is more acid-stable, and its bioavailability (60%-70%) is
better than that of penicillin G. Amoxicillin offers an advantage over penicillin V in that it
has greater oral bioavailability (74%—92%). Only 30% to 55% of an oral ampicillin dose is
absorbed.
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Many of the oral cephalosporins, such as cefaclor, cefadroxil, cefprozil, cephalexin,
ceftibuten, and loracarbef (technically a carbacephem) are acid-stable and have high
bioavailability (80%-95%). The bioavailability of cefixime, however, is lower (40%-50%).

Effect of Food on Absorption

Generally, drugs are better absorbed in the small intestine (because of the larger surface
area) than in the stomach; therefore, the quicker the stomach emptying, the earlier and
higher are the plasma drug concentrations. Food, especially fatty food, delays gastric
emptying, delays and lowers peak plasma levels, and may or may not lower a drug's
bioavailability. Because eating stimulates production of gastric acid, penicillin G, which is
unstable in gastric acid, is best administered in the fasting state (ie, %2 hour before or 2 hours
after eating). Penicillin V is also better absorbed in the fasting state. Amoxicillin is equally
well absorbed with food or in the fasting state. However, when amoxicillin is combined with
clavulanate, absorption of clavulanate potassium is enhanced when it is administered at the
start of a meal.

The bioavailability of erythromycin and azithromycin is low (about 40%), and because their
bioavailability is furthered lowered in the presence of food, these drugs should be
administered in the fasting state, whereas clarithromycin has better bioavailability (50%)
and can be administered with or without food.

Food has no effect on the bioavailability of the fluoroquinolones, metronidazole,
minocycline, doxycycline, linezolid, and trimethoprim-sulfamethoxazole. Food lowers the
bioavailability of the first-generation cephalosporin cefaclor, second-generation loracarbef,
and third-generation ceftibuten, but not that of the first-generation cephalosporins
cephalexin and cefadroxil, second-generation cefprozil, and third-generation cefixime.

Because most drugs are absorbed from the intestinal mucosa by passive diffusion,
absorption across the intestinal epithelium is enhanced if the drug is lipophilic. To this end,
some oral cephalosporins are esterified (eg, cefuroxime axetil, cefpodoxime proxetil, and
cefditoren pivoxil) to increase lipid solubility and enhance absorption. These prodrugs are
hydrolyzed after intestinal absorption by esterases in the intestinal epithelium to their active
metabolites. Nevertheless, their bioavailability is relatively low (25%-50%) and is enhanced
by concomitant food intake.

Drug interactions can also alter absorption after oral administration. For example,
multivalent cations such as aluminum, magnesium, and calcium in antacids can chelate the
fluoroquinolones and tetracyclines, which may decrease the intestinal absorption of these
antimicrobials after concurrent oral administration.

Oral absorption, of even highly bioavailable agents, may be impaired by poor circulation
associated with hypotension. Gastrointestinal absorption also may be altered by ileus, colitis,
bowel ischemia, and changes in gastric pH. Many of these conditions may be present in
sepsis.

After oral administration, at the time when the rate of the drug entering the plasma (through
absorption) and the rate of the drug disappearing from the plasma (through distribution and
elimination) are equal, or at completion of IV infusion, the maximal concentration (Cmax) is
reached (Fig. 1). Thereafter, the rate of distribution or elimination of the drug exceeds the
rate of drug absorption, and the plasma concentration starts to decline to a minimal
concentration. The area under the plasma concentration versus time curve (AUC, for “area
under the curve”) is a pharmacokinetic measure that indicates the exposure to a drug during
the full dosing interval.
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Distribution is the process by which a drug diffuses from the intravascular fluid space to
extravascular fluid spaces, and it is best described by the drug's volume of distribution. The
volume of distribution, which is the volume of body fluid into which a drug's dose is
dissolved, is an important determinant of drug concentration.

The central volume of distribution (\Vc) is a hypothetical volume into which a drug initially
distributes on administration. This compartment can be thought of as the plasma in blood
vessels and the fluid in tissues that are highly perfused by blood. The V¢ is defined
mathematically as the dose administered divided by the peak plasma concentration at the
end of a bolus IV infusion (V¢ = dose/peak serum level). All drugs initially distribute into
the smaller V¢ before distributing into the more peripheral volume, referred to as the tissue
volume of distribution (Vt). Together, the V¢ and the Vt, in a two-compartment model,
create the apparent volume of distribution (\VVd). The Vd is a hypothetical parameter used to
describe the volume of fluid that would be required to account for all of the drug in the
body; its value may correspond to an anatomic body fluid compartment, but it does not
actually represent a discrete anatomic compartment. Because the Vd is hypothetical in
nature, it is referred to as an apparent volume. If the linear beta-phase elimination curve is
extrapolated to the y-intercept, then the VVd equals the dose divided by this hypothetical
zero-time drug concentration (see the Elimination section and Fig. 2).

The largest body fluid compartment is the intracellular compartment. The extracellular
compartment is mainly divided into an interstitial compartment (ie, the spaces between the
cells) and the plasma. The percentage of body weight in each of these fluid compartments
varies by age, sex, and adiposity. Total body water constitutes about 60% of the lean body
weight (0.6 L/kg) in adult men and 50% (0.5 L/kg) in adult women. Fatty tissue contains
proportionately less water than muscle tissue, so a more adipose person has proportionately
less body water than a leaner person. A Vd of about 0.06 L/kg of body weight corresponds
to the plasma compartment; a VVd of about 0.2 L/kg, or 1/3 of total body water, corresponds
to the extracellular fluid compartment; and a Vd of about 0.4 L/kg, or 2/3 of total body
water, corresponds to the intracellular fluid compartment. If the VVd exceeds the total body
water (>0.6 L/kg), the drug is likely sequestered in the intracellular fluid of certain tissues.

For example, the \VVd of daptomycin and the beta-lactam ceftriaxone, which are highly bound
to plasma proteins, approximates the plasma volume because the drugs are part of a large
molecular complex that does not diffuse easily out of capillaries. The VVd of most other beta-
lactam antibiotics and aminoglycosides, which have lower plasma protein-binding,
corresponds to the extracellular fluid compartment. Because the Vd of vancomycin varies
widely (0.4-1 L/kg) as a result of highly variable distribution in the body, standard dosing of
vancomycin is likely to be associated with a significant degree of variability in serum
concentrations.

The Vd of quinupristin/dalfopristin, tigecycline,! rifampin, clindamycin, metronidazole,
trimethoprim, erythromycin, clarithromycin, the tetracyclines, linezolid, and the
fluoroquinolones is equal to or greater than that of total body water (=0.6 L/kg), which
suggests wide distribution of these drugs throughout the body. The Vd of azithromycin is
greater than 32 L/kg, (ie, >50 times that of total body water), which suggests its
sequestration within tissues.

In patients who have high total body water (eg, those who have cirrhosis or congestive heart
failure, or are pregnant), the volume of distribution for a given drug may be larger than
expected, and the plasma drug levels correspondingly low.2 Sepsis and fever alone may
increase the \Vd of a drug.3
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Most sites of infection are extravascular, and treatment of infections in these sites depends
on movement of the antimicrobial agent out of the bloodstream and into interstitial and
sometimes intracellular fluid. The ability of a drug to do so depends on tissue-related factors
(such as perfusion to the tissues, the surface area of the tissue's vascular bed, and specialized
vascular bed features, such as tight junctions or capillary pores) and drug-related factors
(such as lipid solubility, molecular size, the drug's pKa, and plasma protein binding).

The perfusion rate is greatest for the brain, kidney, liver, and heart. It would be expected that
drug concentrations would increase most rapidly in these organs. As the surface area of the
capillary bed increases, the rate of diffusion also increases. Poor vascularity as a result of
comorbid conditions (eg, large or small vessel peripheral vascular disease) results in
impaired drug delivery and difficulty in achieving effective drug concentrations in the
infected tissue.

Most drugs cross biologic membranes by passive diffusion. Diffusion occurs when the drug
concentration on one side of the membrane is higher than that on the other side, in an
attempt to equalize the drug concentration on both sides of the membrane. Capillaries in
most parts of the body are fenestrated (ie, have pores between the endothelial cells lining the
capillaries). These pores allow rapid diffusion of most drugs into the interstitial space. In
some tissues, however, the endothelial cells are connected by “tight junctions,” without the
presence of capillary pores between the endothelial cells. The capillary membranes between
the blood and the eye, prostate, and brain have effectively no pores. In these areas, drugs
must pass through, rather than between, endothelial cells. Because biologic membranes are
mainly lipid in nature, the ability of an antimicrobial drug to traverse nonfenestrated
capillaries depends on its lipid solubility.

Lipid-soluble drugs, such as metronidazole and rifampin, penetrate nonfenestrated capillary
beds better than drugs that are more water soluble, such as beta-lactams, aminoglycosides,
and glycopeptides. In some circumstances, for example, in the use of beta-lactams to treat
bacterial meningitis, this disadvantage can be overcome by increasing the dose of the drug.
In other situations, such as the treatment of intraocular infections, topical or direct
instillation is necessary to convey the drug to the site of infection.>6 Penetration of the
antimicrobial agent into the eye and the central nervous system is further complicated by the
presence of efflux pumps that actively transport some drugs, notably beta-lactams and the
fluoroquinolones out of cerebrospinal fluid and beta-lactams out of vitreous humor.”:8
However, inflammation can partially overcome the exclusion of hydrophilic drugs into
tissues that have nonfenestrated capillary beds.

Drug levels in the interstitial fluid relate to the concentration of that portion of a drug that is
not bound to plasma protein (ie, free). As an example, beta-lactams that have different
percentages of plasma protein binding, when dosed to achieve similar free-plasma drug
levels, will have similar interstitial fluid levels, despite having very different total plasma
levels.? However, the penetration of vancomycin, which has serum protein binding levels of
50% or less, into epithelial lining fluid is variable, ranging from 0.4 to 8.1 mg/L after several
hours, with an overall blood-to-epithelial-lining fluid penetration ratio of 6:1, and
penetration is higher in the presence of lung inflammation.10

Only an unbound drug is considered active against microorganisms. Therefore, despite
apparently adequate total plasma levels of highly protein-bound drugs, the concentration of
free (ie, active) drug might be less than the MIC of the pathogen, which will necessitate the
use of higher doses.!! The clinical significance of this phenomenon was shown by the
failure of cefonicid, an agent that is highly active against Staphy/lococcus aureus in vitro but
is highly protein bound in vivo, to cure endocarditis caused by S aureus.1?
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When the drug ultimately reaches the site of infection, local factors may play a role in the
effectiveness of its antibacterial activity. For example, the aminoglycosides and
erythromycin have decreased activity at an acid pH, such as occurs in an abscess. The
aminoglycosides are also less active against facultative organisms in an anaerobic
environment because the penetration of aminoglycosides into bacterial cells depends on an
oxygen-dependent reaction.13 Substances that inactivate or lessen the antibacterial activity
of antimicrobial agents, such as beta-lactamases and other deactivating enzymes, may be
present at the site.14 As another example, aminoglycosides become less active as the
concentration of calcium ions increases. Additionally, dense populations of organisms, such
as occur in an abscess, tend to be slow growing, and antibiotics that are active against
dividing cells, such as beta-lactams, may therefore be less effective in that setting.1®
Bacterial meningitis is another infection in which bacterial growth rates tend to be slow,
decreasing the effectiveness of beta-lactams.16 The presence of a foreign body may also
adversely influence the effectiveness of an antimicrobial agent. The foreign body acts as a
nidus on which microorganisms may grow as a biofilm. A biofilm is a community of
microorganisms embedded in a matrix secreted by the microorganisms, which helps them
attach to other bacteria, host cells, or foreign objects and which shields them against host
defenses and penetration by many antimicrobial drugs.17:18

For some microorganisms that are preferentially intracellular pathogens (eg, Sa/monella,
Listeria, Chlamydia, Mycobacteria, and Mycoplasma), the antimicrobial drugs that are
effective against them must reach and be active in the intracellular space occupied by these
pathogens. Clindamycin, the macrolides, and linezolid may be actively transported into
cells.819.20 However, drugs may be also actively transported out of cells, so the intracellular
concentration reflects a balance between ingoing and outgoing processes.?1:22 Just as with
interstitial fluid, local factors within the cell may affect the activity of a drug (eg, pH,
enzymatic activity).

Drugs that are weak bases are un-ionized at the pH of extracellular fluid. The relatively
lipid-soluble, un-ionized moiety is able to diffuse easily across the cell membrane into the
cytoplasm and then into the lysosome. Within the lysosome, where the pH is relatively low,
the weak base becomes ionized. The hydrophilic, ionized moiety is unable to diffuse out (ie,
is “trapped” within the lysosome). This scenario is believed to explain the intracellular
accumulation of azithromycin, the concentration of which can be 100-fold greater within the
lysosome than within plasma. lon trapping is also believed to explain the accumulation of
drugs that are weak bases in prostatic fluid, which has a lower pH (pH 6.3) than plasma (pH
7.4). These drugs include clindamycin, erythromycin, and trimethoprim.

Fig. 1 represents a typical example of a pharmacokinetic curve that may be seen in plasma
after administration of a single 1V infusion or oral administration of an antimicrobial drug.
After a peak plasma drug level is attained, the plasma level declines as a consequence of
drug distribution and elimination. Drugs may be eliminated by being converted to
metabolites (mainly in the liver); unchanged drugs or their metabolites may be eliminated in
feces or urine by the excretory organs, mainly the kidneys, liver, and gut. Some drugs or
their metabolites that are excreted in bile may be reabsorbed into the bloodstream and
recycled by a process called enterohepatic circulation.

Renal excretion of drugs and their metabolites is determined by three processes: glomerular
filtration, tubular secretion, and passive tubular reabsorption. Most beta-lactams, the
aminoglycosides, tetracycline, vancomycin, daptomycin, and the sulfonamides are excreted
by the kidneys, either by glomerular filtration, tubular secretion, or both. The
aminoglycosides, tetracycline, and vancomycin are excreted primarily by glomerular
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filtration. More than 80% to 90% of vancomycin is recovered unchanged in urine within 24
hours after administration of a single dose.23 Only that portion of the drug that is not protein
bound (ie, free) in the plasma can pass through the glomerular filter, so a high degree of
protein binding can prolong the duration of highly protein-bound drugs, such as ceftriaxone,
in the body. Most fluorogquinolones are eliminated primarily by renal mechanisms (eg,
glomerular filtration and tubular secretion) and, to a lesser extent, by nonrenal mechanisms,
such as hepatic metabolism and transepithelial intestinal elimination; the fluoroquinolone
moxifloxacin, however, is eliminated mainly by nonrenal mechanisms. Tubular secretion
occurs by way of two active transport mechanisms: one for anions (weak organic acids) and
one for cations (weak organic bases). Competition between drugs for the carriers can occur
within each transport system. The organic acid transport mechanism contributes to the
elimination of many beta-lactam antibiotics, fluoroquinolones, and some sulfonamides.
Competition between probenecid and these beta-lactams, fluoroguinolones, and
sulfonamides for the organic acid transport carriers can prolong the duration that these
antimicrobial drugs are in the body.

After filtration, polar substances are eliminated efficiently by the kidneys because they are
not freely diffusible across the tubular membrane and so remain in the urine despite the
concentration gradient that favors back-diffusion into interstitial fluid. Renal elimination of
nonpolar drugs usually depends on metabolic conversion of the drugs in the liver to more
polar metabolites, which cannot diffuse out of the tubular lumen and are then excreted in the
urine. Erythromycin, azithromycin, moxifloxacin, clindamycin, rifampin, nafcillin, and
cefoperazone are excreted mainly by the liver into bile; about 40% of a dose of ceftriaxone
is eliminated by the liver in bile, but in the presence of renal failure, hepatic excretion
increases. Doxycycline is eliminated by the gut. The streptogramin combination
quinupristin/dalfopristin, the oxazolidinone linezolid, and the glycylcycline tigecycline are
eliminated mainly by nonrenal mechanisms.

Colistin (also called polymyxin E) belongs to the polymyxin group of antibiotics. It is
available for IV administration as colistin methanesulfonate (CMS), which is less toxic but
also has less antimicrobial activity than colistin. CMS undergoes rapid hydrolysis in vivo to
colistin, the bioactive drug. Notwithstanding that CMS has been used for more than 40
years, understanding of its pharmacokinetics has been problematic because previous
pharmacokinetic data on CMS were obtained by using microbiological assays, which are
unable to differentiate CMS from colistin. High-pressure liquid chromatography, which can
distinguish both components, has shown rapid conversion of CMS to colistin in vivo. CMS
is mainly eliminated in urine. The high urinary recovery of colistin after dosing with CMS,
despite that fact that colistin is not itself excreted in urine, is likely the result conversion of
CMS into colistin within the kidney or bladder, with the majority of the colistin formed in
that way being excreted directly into urine.24

For most drugs, a plot of the log plasma concentration over time results in a straight line, the
slope of which equals the elimination rate constant (—Kel) (Fig. 3). The half-life (T1/2) is the
time it takes for the plasma drug concentration to decrease by half, and is equal to 0.693/Kel.

After rapid IV administration, the decline in plasma drug levels may follow a biphasic curve
(see Fig. 2). The T1/2 of the initial phase (alpha-phase T1/2) mainly represents distribution
of the drug, and the T1/2 of the second phase (beta-phase T1/2) mainly represents
elimination of the drug from the body. For example, in patients who have normal creatinine
clearance, vancomycin has an alpha-distribution phase of ~30 minutes to 1 hour and a beta-
elimination T1/2 of 6 to 12 hours. The T1/2 that is usually reported is the beta-phase (bp)
T1/2. Ninety-four percent of any drug's dose will have been eliminated after four bpT1/2s,
and about 99% of the drug will have been eliminated after 6.6 bpT1/2s.
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If the drug is dosed more than every 4 to 5 bpT1/2s, the drug concentration will have fallen
to almost zero before the next dose, and there will then be little accumulation of drug in the
body. However, if the dosing interval is less than 4 bpT1/2s, the drug will start to
accumulate, and steadily higher concentrations will occur with each subsequent dose until a
steady state is achieved at about 4 bpT1/2s, when the amount of drug administered during
each dosing interval exactly replaces the amount of the drug excreted. Similarly, during
continuous IV infusion, plasma levels gradually increase until the steady state is achieved at
about 4 bpT1/2s. When using continuous IV infusion, to ensure rapid onset of antimicrobial
action, a loading dose is given. The loading dose equals the desired therapeutic plasma
concentration multiplied by the Vd.

In people whose kidney or liver function has declined, the “normal” dosage of a drug may
result in accumulation of the drug if the dosage or the dosing interval is not altered. Toxic
side effects may occur as plasma and tissue drug concentrations increase. For example, high
levels of imipenem, the penicillins, or the fluoroquinolones may cause seizures; high
aminoglycoside levels may exacerbate renal failure or cause hearing impairment or
vestibular damage; and high levels of vancomycin, especially in combination with
aminoglycosides, may exacerbate renal failure. Therefore, the drug dosage must be adjusted
based on the amount of decline in the person’s kidney or liver function.

A reduction in the creatinine clearance to 30% of normal or less results in an exponential
increase in the bpT1/2 of those drugs that are eliminated by the kidneys. The creatinine
clearance can serve as a useful indicator of renal function. A quick estimate of the creatinine
clearance can be made using this equation: creatinine clearance = [(140 — age) x ideal body
weight in kg]/(serum creatinine x 72) (0.85 for females).

Males: ideal body weight = 50 kg + 2.3 kg for each inch more than 5 ft.
Females: ideal body weight = 45.5 kg + 2.3 kg for each inch more than 5 ft.

The initial dose should be the usual dose given to people with normal renal function.
Subsequent doses may be reduced by a percentage based on the estimated creatinine
clearance. (See “Use of Antimicrobial Agents in Renal Failure” on page 899 of this issue for
details on the use of antibiotics in patients who have renal insufficiency.) An alternative
measure is to lengthen the dosing interval. Lengthening the dosing interval results in a
concentration versus time curve that approximates the situation in normal renal function, and
therefore is preferred for drugs that exhibit concentration-dependent pharmacodynamics (see
later discussion). On the other hand, using a longer dosing interval runs the risk for incurring
longer periods during which the plasma level has dropped to less than the MIC of the
organism, and for that reason, administration of smaller doses given at the regular interval
would be preferred for drugs that exhibit time-dependent pharmacodynamics (see later
discussion).25:26

The use of hemodialysis, peritoneal dialysis, and continuous arteriovenous hemofiltration
further confounds calculations of dose modification. Guidelines for dosage modification in
dialysis patients can usually be obtained from the manufacturer's product literature, and they
are based on the degree to which the drug is removed by dialysis. (See “Use of
Antimicrobial Agents in Renal Failure” on page 899 of this issue for more information.)

Unfortunately, there is no clinical measure of hepatic dysfunction that is easily adaptable for
use in modifying doses of antibiotics that are excreted or metabolized by the liver.27:28 |n
patients who have severe liver disease, it may be prudent to reduce doses of erythromycin,
metronidazole, chloramphenicol, and clindamycin, but there are no specific guidelines for
most antimicrobial agents.
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Under ideal circumstances, dosing is adjusted most accurately by using a combination of
calculated estimates followed by periodic monitoring of measured plasma concentrations.
Changes in the dosage or dosing interval can be made in response to the measured levels,
and follow-up plasma levels can be obtained at the appropriate time (4-5 dosing intervals),
whereupon new adjustments can be made. This procedure is particularly helpful in patients
whose renal (or hepatic) functioning is fluctuating. Although levels of almost any
antimicrobial agent can be measured by using bioassays, radioimmunoassays, or high-
pressure liquid chromatography, such laboratory studies are available only for the
aminoglycosides and vancomycin, at least within a time-frame that is clinically useful.

PHARMACODYNAMICS

After a dose of a bactericidal drug, the bacterial count may decline in the early portion of the
dosing interval, when levels of the portion of the drug not bound to protein exceed the MBC
as a result of drug effects and host defenses (Fig. 4). When unbound drug levels decrease to
less than the MBC but still exceed the MIC, the bacterial count may remain stable or
continue to decline as a result of host defenses.?® For a bacteriostatic drug, when drug levels
are in excess of the MIC, the bacterial count declines as a result of host defenses alone.
Eventually, unbound drug levels decrease to less than the MIC, at which point any persistent
antibacterial effect can be due to several causes. First, persistent suppression of bacterial
growth after a brief exposure of bacteria to an antibacterial agent may occur, even in the
absence of host defenses; this is the postantibiotic effect (PAE). Second, after antibiotic
exposure, organisms may be more susceptible than untreated bacteria to the antibacterial
activity of phagocytes; this is called postantibiotic leukocyte enhancement (PALE). Third,
drug concentrations that are less than the MIC have been shown to alter bacterial
morphology, slow the rate of bacterial growth, and prolong the PAE. The minimal drug
concentration that alters bacterial cell morphology has been termed the minimal antibacterial
concentration (MAC).

Eventually, residual drug effects wane, and the remaining bacteria will begin to resume
growth.2? The extent of regrowth before the next dose is given will depend in part on the
inherent doubling time of the organism, on available nutrients being present in the infected
tissues, and on the adequacy of host defenses. For example, in the absence of host defenses,
such as occurs in early cardiac vegetation cases and in cerebrospinal fluid in cases of early
meningitis, the number of microorganisms can double every 20 minutes, which is similar to
the doubling time during the logarithmic phase of growth under optimal in vitro conditions
(Fig. 5). In contrast, the numbers of Mycobacterium tuberculosis and Treponema pallidum
double every 36 hours. Some regrowth may, in fact, restore susceptibility to beta-lactam
antibiotics.30

The next dose ideally is given before clinically significant regrowth has occurred (Fig. 6), so
that after multiple doses, the tissues are cleared of the pathogen. However, if the doses are
spaced too far apart, the residual bacteria may resume growth in the later portion of each
dosing interval, and the bacterial count may become equal to, or perhaps exceed, the count
at the beginning of the dosing interval, which can compromise drug efficacy (Fig. 7).2° The
size of the residual bacterial population at the end of each dosing interval, and ultimately the
efficacy of the antimicrobial regimen, thus will depend on the interplay of a variety of
bacterial, drug, and host factors that includes (1) the size of the initial bacterial population,
(2) the potency (MIC and MBC) and pharmacokinetic characteristics of the antimicrobial
agent, (3) the rate and extent of any bactericidal effect, (4) the presence of a PAE, (5) the
rate of regrowth of persistent organisms, and (6) the presence of host defenses.
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Antimicrobial drugs can be divided into three main groups based on pharmacodynamic
characteristics that affect bacterial clearance.3! The first group consists of drugs that exhibit
mainly time-dependent bactericidal action that has only a minimal relationship to drug
concentrations that are greater than the MIC (eg, beta-lactam antibiotics and vancomycin).
These drugs have relatively slow bactericidal action, and little increase in bactericidal
activity is seen when concentrations are increased to more than a point of maximal killing
action, which is approximately four times the MIC. These drugs have short PAEs for gram-
positive cocci and no or short PAEs for gram-negative bacilli; the duration that drug levels
exceed the MIC relative to the dosing interval and, consequently, the frequency of drug
administration are important determinants of outcome for these drugs. A shorter dosing
interval will increase the time that concentrations remain greater than the MIC of the
infecting microorganism. (The only exceptions among the beta-lactam class are the
carbapenems, which possess a PAE against a variety of gram-negative bacilli). Even a
paradoxic pattern (the “Eagle effect”) of bactericidal activity, which is characterized by a
decreasing rate of killing at higher concentrations, has been reported. Consequently, there is
no advantage to achieving high antibiotic concentrations, except that an increase in the dose
will increase the duration that levels exceed the MIC and the maximal level (Cmax) in
serum, which frequently results in a covariance of time and drug concentrations.

The second group includes drugs that exhibit concentration-dependent bactericidal action
and prolonged PAEs (eg, the aminoglycosides, the fluoroquinolones, daptomycin, colistin,
metronidazole, possibly the azalide azithromycin, and the ketolides). Both the rate of cidal
action and the duration of the PAE for these drugs are concentration-dependent over a wide
range of concentrations; consequently the amount of drug (based on the Cmax and AUC
relative to the MIC) rather than the dosing frequency determines the efficacy for these drugs.

The third group includes drugs that are predominantly bacteriostatic and that produce
moderate to prolonged PAES (eg, the macrolides, clindamycin, the streptogramins such as
quinupristin/dalfopristin, the tetracyclines, tigecycline, and linezolid). Because of their
prolonged PAE, their efficacy is determined less by time and more by the AUC that is
greater than the MIC.

Usually, drug concentrations in the blood are used to determine pharmacodynamic
parameters because of the relative accessibility of this body fluid and the correlation of
pharmacodynamic parameters that are based on serum levels. However, the use of serum
levels to determine pharmacodynamic parameters may not always be appropriate.3! Because
infection usually occurs at extravascular sites, the use of drug concentrations in the blood
will only be satisfactory if the blood levels are an adequate surrogate for levels at the site of
infection. Theoretically, at equilibrium, free-drug levels in plasma and extracellular tissue
fluid should be equal.32 However, depending on the ratio of surface area of the capillary bed
to the volume of the tissue compartment, the physico-chemical characteristics of the drug,
and special anatomic barriers (eg, those in the brain, eye and prostate), drug levels at the site
of certain infections can be much lower than free-drug levels in plasma. For cases of
meningitis, the use of cerebrospinal fluid levels is appropriate for determination of
pharmacodynamic parameters.33 Recent studies also suggest that concentrations of epithelial
lining fluid are important determinants of the efficacy of treatment of bacterial pneumonia,
such that concentrations in epithelial lining fluid can be better predictors of outcome than
serum levels for certain antibiotics (eg, vancomycin).10 Serum drug levels are also poor
predictors of intracellular concentrations, which is of major importance for the treatment of
intracellular pathogens. Beta-lactams and vancomycin penetrate cells poorly, whereas other
drugs, such as azithromycin, achieve intracellular concentrations many-fold greater than
serum levels.
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In vitro and animal model studies have documented that the magnitude of the
pharmacodynamic parameters required to achieve a specific target (eg, bacteriostasis or
various degrees of cidal action) is similar for different drugs within the same class.3! For
those drugs that are highly protein bound, efficacy is predicted when serum concentrations
of the drug that are not bound to protein, rather than the total drug levels, are used.3!
Pharmacodynamics that are derived from in vitro and animal data are concordant with those
derived from human data, with some exceptions, as detailed in a later section. Consequently,
pharmacodynamics can be used to predict drug efficacy in patients and can provide a
rational basis for establishing optimal dosing regimens.34

Time Course of Time-Dependent Bactericidal Action

Because the bactericidal action of beta-lactams is relatively slow,22:31 there will be a
relatively large residual population of microorganisms that remain when drug levels
decrease to less than the MBC. After drug levels at the site of infection decrease to less than
the MIC, the residual population can resume growth quickly because there are either no or
short-lived PAEs for most beta-lactams,29:31

Beta-lactams exhibit an inoculum effect; that is, the lower the bacterial density, the lower
the concentration of the beta-lactam that is required to inhibit growth.3® The minimal
concentration of these drugs that inhibits growth can progressively decrease to less than the
standard MIC (determined by using an inoculum of 10° CFU/mL) because the bacterial
count progressively falls during the time course of antimicrobial therapy, and thus the time
during the dosing interval that levels exceed the MIC may progressively lengthen.

The efficacy for drugs such as the beta-lactams can be optimized by using dosing strategies
that maximize the duration of drug exposure (ie, time-dependent bactericidal activity), such
as using smaller fractions of the total daily dose given at frequent intervals, larger doses,
beta-lactams with long serum T1/2s, such as ceftriaxone with a T1/2 of 6 to 8 hours, or
longer 1V infusions or even continuous IV infusion. However, there have been few trials of
continuous versus intermittent infusions.36-38

Effective dosing regimens for time-dependent antibiotics require that serum drug
concentrations exceed the MIC of the causative pathogen for at least 40% to 50% of the
dosing interval. For beta-lactam drugs that have high serum protein binding (eg, ceftriaxone
and ertapenem), when drug concentrations that are not bound to serum protein are used, the
percentage of the dosing interval during which drug concentrations are greater than the MIC,
can be used to predict efficacy; these percentages are similar for all beta-lactams within a
class. The percentage of time that concentrations are greater than the MIC, which correlates
with efficacy, varies among classes within the beta-lactams, and is greater for the
cephalosporins and aztreonam than the penicillins, and greater for the penicillins than the
carbapenems. Among bacterial species, the percentage is less for staphylococci, for which
beta-lactams have a PAE, than for streptococci and gram-negative bacilli, for which beta-
lactams do not have a PAE.31 The percent of time that concentrations are greater than the
MIC for a dosing interval can be used to compare the effectiveness of different time-
dependent antibiotics within a class, and as a corollary, those drugs having the greater
potency (ie, a lower MIC) can be anticipated to have a longer percentage of the dosing
interval at which concentrations will be greater than the MIC, and therefore to have greater
effectiveness.

For susceptible pathogens with MICs that are close to a particular beta-lactam's breakpoint,
serum levels of the beta-lactam will be in excess of the MIC for a smaller percentage of the
dosing interval than for strains that have lower MICs. For example, patients infected with
borderline cephalosporin-sensitive ESBL-producing strains of gram-negative bacilli with
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MICs from 4 to 8 pg/mL did much worse when treated using cephalosporin monotherapy
than did patients infected with strains having lower MICs.39 Similarly, free-drug levels of
ceftriaxone can not remain at concentrations greater than the MICs for more than 50% of the
24-hour dosing interval for strains of S aureus, which have MICs close to the breakpoint,
especially with a 1-g dose. Also, extending the dosing interval of cefoperazone (which may
be no longer available in the United States), which has relatively high serum-protein binding
and a short bpT1/2 (2 hours), from 6 or 8 hours to 12 hours for susceptible strains of
Pseudomonas aeruginosa that have MICs close to the breakpoint of 16 pg/mL may be
similarly problematic.

The glycopeptides vancomycin and teicoplanin demonstrate concentration-independent (ie,
time-dependent), slow bactericidal activity and a short PAE in vitro. However, there is
conflicting data about which pharmacodynamic parameter best predicts bacterial eradication
and clinical outcome. For example, studies that used an in vivo rabbit model of S aureus
aortic valve endocarditis*® and clinical studies of S aureus septicemia®! and endocarditis*2
showed that the glycopeptides exhibit time-dependent action, with the trough plasma
concentration of protein free vancomycin that is greater than the MIC being the
therapeutically relevant pharmacodynamic parameter. In contrast, in a study of patients who
had a S aureus lower respiratory tract infection, clinical and bacteriologic response to
vancomycin therapy was correlated with the 24 hour AUC/MIC value, but no relationship
was identified between outcome and vancomycin the percentage of time that concentrations
were greater than the MIC.43 In another study of patients who had S aureus bacteremia
(MIC range 0.25-1.0 mg/L), no relationship was found between successful outcomes and a
specific AUC/MIC value.** In clinical practice, maintenance of trough serum levels of free
drug that are greater than the MIC is most commonly recommended.*®

If the rate of cidal action of beta-lactams or vancomycin were increased, lower residual
bacterial counts would occur during the dosing interval, when drug levels decrease to less
than the MIC; this would prolong the intervals before significant re-growth occurs and either
allow for more extended dosing intervals or allow for shorter durations of therapy as a
consequence of accelerated clearance of bacteria from sites of infection (Fig. 8). Indeed,
combinations of these antibiotics with aminoglycosides can enhance the relatively slow rate
of bactericidal activity of beta-lactams and vancomycin. For example, a bacterial cell-wall-
active agent alone, such as penicillin, ampicillin, or vancomycin, is at best only slowly
bactericidal against enterococci, and an aminoglycoside alone at concentrations achieved in
serum after standard dosing exhibits only inhibitory activity, but the combination of the cell-
wall-active agent with an aminoglycoside results in rapid bactericidal activity. The synergy
achieved by the combination has been shown to be due to the enhanced bacterial penetration
of the aminoglycoside in the presence of the cell-wall-active agent.

Synergistic bactericidal activity, usually defined as achieving a 2logyq or greater (ie, 299%)
reduction in bacterial count after overnight incubation using a combination of antibiotics
versus the outcome using each of the agents alone. Synergism has also been shown when
using combinations of cell-wall-active agents and aminoglycosides against viridans
streptococci, S aureus, and many gram-negative bacilli. Synergistic combinations that more
rapidly clear the tissues of the infecting microorganism have been used to shorten the course
of antimicrobial therapy for viridans streptococcal endocarditis (penicillin or ceftriaxone
plus gentamicin for 2 weeks versus penicillin or ceftriaxone alone for 4 weeks) and for
uncomplicated, methicillin-sensitive, S aureus, right-sided endocarditis (nafcillin plus
gentamicin for 2 weeks versus nafcillin alone for 4 weeks).

Some combinations of antimicrobial agents have been found to be antagonistic (eg,
penicillin plus a tetracycline). In such cases, the penicillin's bactericidal effect, which
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requires the presence of growing organisms, may be converted to a bacteriostatic effect
when combined with a tetracycline that prevents microbial growth. This has been the
explanation for the findings of Lepper and Dowling,%6 in which patients who had
pneumococcal meningitis and were treated using penicillin combined with a tetracycline had
2.6-fold greater mortality than those patients treated using penicillin alone.

Time Course of Concentration-Dependent Bactericidal Action

For drugs that have concentration-dependent bactericidal action, such as aminoglycosides
and fluoroquinolones, the rate of bactericidal activity will be maximum at the peak
concentration (Cmax) in serum.4’~42 As the drug concentration decreases, the rate of
bactericidal activity will decrease. Higher doses of the drug will increase not only the rate of
reduction of bacteria but also the length of time of drug exposure to bactericidal
concentrations. This dependence on the magnitude and the duration of exposure of
bactericidal concentrations implies that concentration-dependent drugs are influenced by the
Cmax and the area under the serum concentration curve (AUC), whereas for drugs with
time-dependent activity, the extent of bactericidal activity will depend mainly on the
duration of drug exposure at concentrations great than the MIC.

After drug levels at the site of infection decrease to concentrations that are less than the
MIC, there may be persistent suppression of growth that is due to a PAE, the duration of
which is also concentration-dependent for aminoglycosides and fluoroquinolones; the higher
the drug concentration, the longer the duration of the PAE for these drugs, and the smaller
the residual bacterial population at the time of the next dose.

Indeed, effective dosing regimens for concentration-dependent antibiotics require that either
the 24-hour protein-free drug AUC/MIC value be at least 100 to 125 for aminoglycosides or
fluoroquinolones against gram-negative bacilli34%59 and from 25 to 30 for fluoroquinolones
against S pneumoniae,®1:52 or that the Cmax/MIC value of the causative pathogen be more
than 10.53:54 For concentration-dependent drugs, dosing strategies that maximize the
intensity of drug exposure, such as giving the total daily dose as a single dose every 24
hours rather than giving smaller divided doses, would maximize the Cmax and possibly
allow for comparable efficacy at greater convenience and lower cost.%®

The AUC/MIC or the Cmax/MIC ratios also can be used to compare the effectiveness of
different concentration-dependent antibiotics. Drugs within a class having the greater
potency (ie, lower MICs) will have higher AUC/MIC or Cmax/MIC ratios and therefore can
be anticipated to have greater effectiveness. It is clear that an infection caused by susceptible
pathogens that have relatively high MICs may not be adequately treated using the standard
dosage of a concentration-dependent antimicrobial agent. For example, gentamicin-
susceptible strains of P aeruginosathat have MICs close to the breakpoint for gentamicin of
4 pg/mL may respond suboptimally to standard dosing regimens that provide peak serum
levels of gentamicin of 6 wg/mL. Similarly, ciprofloxacin-susceptible strains of P aeruginosa
that have MICs close to the breakpoint of 2 pg/mL may respond suboptimally to standard
dosing regimens that provide peak plasma levels of ciprofloxacin of about 3 to 4 pg/mL, and
levofloxacin-susceptible strains of S prneumoniae with MICs close to the breakpoint of 2 g/
mL may respond suboptimally to 500-mg dosing regimens that provide peak plasma levels
of levofloxacin of about 5 to 6 pg/mL and an AUC of 55. A 750-mg dose of levofloxacin
doubles the peak level and the AUC.%® The higher Cmax and AUC achieved using the
higher dosage allow greater confidence in treating patients who may be infected with
organisms for which levofloxacin MICs are high.

Higher rates of bactericidal action result in lower residual bacterial counts and longer
intervals before significant regrowth occurs (see Fig. 8). Maximizing serum concentrations
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of drugs that exhibit concentration-dependent bactericidal activity by increasing the dose
will maximize the rate and extent of bactericidal activity, if adverse effects are not also
concentration-dependent. Dose-dependent toxicity was once believed to limit the ability to
administer the total daily dose of an aminoglycoside as a single dose every 24 hours, but
data from animal models of infection and human clinical trials suggest that dosing regimens
that provide very high peak aminoglycoside concentrations relative to the MIC and
prolonged periods of subinhibitory aminoglycoside concentrations have not resulted in
greater nephrotoxicity than regimens that provide lower peaks but more persistent inhibitory
concentrations,>’ although the relationship between the pharmacodynamic parameters and
auditory and vestibular toxicity is unclear. Giving the total 24-hour dose as a single dose,
rather than in smaller divided doses, and using extended dosing intervals has now become
the standard in most clinical settings.3 This strategy may be especially appropriate for
treatment of many susceptible pathogens, (eg, P aeruginosa) that have MICs that are close to
the breakpoint.8 However, this same strategy may not be appropriate for fluoroquinolones
that likely have concentration-dependent toxicity.

All aminoglycosides have similar pharmacokinetics, but there is significant variation in
pharmacokinetics in normal individuals and certain patient populations. For example,
volume of distribution tends to be elevated in critically ill patients, and clearance is elevated
in children, in patients who have cystic fibrosis, and during pregnancy and the early
postpartum period, and it is depressed in cases of renal insufficiency. The Cmax is primarily
affected by the volume of distribution, and the AUC by the volume of distribution and
clearance. Consequently, measurement of aminoglycoside levels is especially important
early in the course of treatment, and doses should be adjusted to achieve therapeutic
levels.?

Colistin, which is available as CMS, has been increasingly used intravenously for otherwise
pan-resistant, nosocomial, gram-negative bacillary infections, especially those caused by P
aeruginosa, Klebsiella pneumoniae, and Acinetobacter spp. Colistin demonstrates very rapid
concentration-dependent killing action.69-63 Although the concentration-dependent killing
action of colistin suggests that single daily dosing rather than divided dosing may be
necessary, its lack of a significant PAE at clinical achievable concentrations indicates that
infrequent dosing regimens may be problematic.82 Furthermore, the frequent emergence of
colistin resistance after initial rapid Killing of susceptible P aeruginosaand the emergence of
colistin-heteroresistant strains of K pneumoniae and Acinetobacter spp suggest that colistin
monotherapy may be inadequate.61.63-67

Bacteriostatic Activity

Erythromycin has exhibited time-dependent efficacy in various models; in contrast, it has
been stated that the efficacy of azithromycin and the ketolide antibiotic telithromycin is
correlated best with the AUC/MIC ratio.58 It has been theorized that the prolonged PAE
observed with azithromycin reduces the drug's dependency on the extent of time for which it
should remain at concentrations greater than the MIC. However, the persistence of resistant
subpopulations of S pneumoniae and their subsequent emergence may be encouraged by the
presence of prolonged periods of sub-MIC concentrations of azithromycin in epithelial
lining fluid.

A variety of in vitro and in vivo studies have demonstrated that the streptogramins exhibit
concentration-independent killing action and produce prolonged PAEs in gram-positive
organisms.59 The efficacy of the streptogramins, which are characterized by this pattern of
activity, is best correlated with the 24-hour AUC/MIC ratio. The 24-hour AUC/MIC ratio is
also the pharmacodynamic parameter that can best be used to predict the in-vivo activity of
clindamycin in a pneumococcal, neutropenic, murine thigh-infection model’9 The 24-hour
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AUC/MIC ratio is also the pharmacodynamic parameter that can best be used to predict the
in-vivo activity of tigecycline.1:71.72

A review of the pharmacodynamics of linezolid was published.3! In animal models, the 24-
hour AUC/MIC ratio correlated best with the efficacy of a drug,’2 although the percentage
of time that concentrations were greater than the MIC and the 24-hour AUC/MIC ratio was
found to correlate with efficacy in clinical trials.”* The chance of success in treating
bacteremia, lower respiratory tract infection, and skin and skin structure infections was
greater when linezolid plasma concentrations remained in excess of the MIC for the entire
dosing interval. Although linezolid shows bactericidal action against S preumoniae,’ it is
mainly bacteriostatic against S aureus. In a rabbit S aureus endocarditis model, linezolid was
bactericidal if the levels were maintained constantly at concentrations that were greater than
the MIC by using continuous infusion, and it was only bacteriostatic when administered by
using intermittent infusion.”® Linezolid penetrates epithelial lining fluid better than
vancomycin, at levels threefold greater than simultaneous serum levels.””

PREVENTION OF RESISTANCE

Subpopulations that have reduced susceptibility to antibiotics are a normal feature of dense
populations of some bacterial species, especially P aeruginosa, A baumanii, K pneumoniae,
and S aureus. The likelihood that resistant subpopulations will emerge when using
antimicrobial therapy will depend on the propensity for resistance within the population, that
is, on the spontaneous mutation rate for antibiotic resistance, the ability of host defenses to
control the growth of the resistant subpopulation, and the magnitude of the antimicrobial
drug levels at the site of infection.”® It is believed that drug levels should exceed at least 8 to
10 times the MIC to prevent emergence of resistant subpopulations, which could be
accomplished by using a single daily dosing of an aminoglycoside, using the most potent
fluoroquinolone, or using high doses of a beta-lactam. In vitro and animal models of
infection have identified the peak MIC ratios and free-drug 24-hour AUC/MIC ratios for
fluoroquinolones that are required to prevent the emergence of resistant subpopulations. The
minimal prevention dose, which has been shown to vary among bacterial species, is higher
for denser bacterial populations and is often higher than the ratios required for efficacy.3479
The clinical utility of high-dose antimicrobial therapy to prevent the emergence of resistance
remains to be proved.80

USE OF PHARMACODYNAMIC BREAKPOINTS FOR ANTIMICROBIAL
SUSCEPTIBILITY TESTING

For time-dependent drugs, the minimal serum concentration of free drug that is present for
40% to 50% of the dosing interval is the important parameter for predicting efficacy and can
be determined if the peak serum level of free drug after a particular dose regimen and the
serum T1/2 of the drug are known. This concentration is the pharmacodynamic breakpoint
for time-dependent drugs. If the MIC of the drug that is effective against a particular
pathogen or the MICyq strains of the drug that is effective against a group of clinical isolates
of a particular pathogen are at concentrations that are less than this breakpoint, the drug is
likely to be clinically useful, and if concentrations are greater than this breakpoint, the drug
may not be useful. For example, a 500-mg dose of amoxicillin given every 8 hours or an
875-mg dose given every 12 hours yields a concentration of at least 2 pg/mL for 40% to
50% of the dosing interval, and the MICqyq for amoxicillin against S pneumoniae in the
United States is currently less than this breakpoint, allowing for the prediction of clinical
success when using these dosing regimens of amoxicillin. The same calculations for defined
dosing regimens can be done for other time-dependent drugs to determine their
pharmacodynamic breakpoints.8!
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For concentration-dependent drugs, successful treatment of pneumococcal infections using
the fluoroquinolones or azithromycin requires a 24-hour protein-free drug AUC/MIC ratio
that is greater than 25 to 35, and successful treatment of gram-negative bacillary infections
requires a 24-hour protein-free drug AUC/MIC ratio that is greater than 100-125 or a peak
serum level that has a free-drug/MIC ratio that is greater than 8 to 10.82 The
pharmacodynamic clinical breakpoint MIC can be calculated by using the following
formula: for S pneumoniae, AUC/25, and for gram-negative bacilli, AUC/100, when the
average AUC from the dosing regimen is known.81 Similarly, the pharmacodynamic clinical
breakpoint MIC can be calculated by using the following formula: peak serum level of free
drug/10. For ciprofloxacin, the peak serum level after a 400-mg IV dose is about 4 pg/mL of
the total drug and 2.8 pg/mL of the free drug; the respective pharmacodynamic breakpoint
MIC would be 0.4 and 0.28 pg/mL for the total drug and free drug; strains of S prneumoniae
that have an MIC that is greater than 0.28 p.g/mL would be considered to be resistant, those
with an MIC of 0.28 pg/mL or less would be considered to be sensitive.

SUMMARY

The importance of pharmacodynamic factors in developing optimal treatment strategies has
been confirmed in many studies of in vitro models, in models of infection in animals that
attempt to simulate human infections, and in clinical studies. The requirements for
bactericidal therapy for endocarditis and meningitis, for synergistic combinations to treat
enterococcal endocarditis or to shorten the course of antimicrobial therapy, for obtaining
Cmax/MIC ratios that are greater than 10 or 24 hour protein-free drug AUC/MIC ratios that
are greater than 100-125 for concentration-dependent agents against gram-negative bacilli
and 25 to 35 against S pneumoniae, and for the percentage of time that concentrations are
greater than an MIC that is at least 40% to 50% of the dosing interval for time-dependent
agents are a few important pharmacodynamic concepts that have been demonstrated in
animal models and that that have successfully guided therapy of human infections.
Pharmacodynamic concepts can also be used to optimize dosing to prevent the emergence of
resistance and to rationalize the determination of antimicrobial susceptibility.
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Fig.1.
A typical example of a plot of the log plasma concentration (Cp) curve over time that may

be measured in plasma after administration of a single IV infusion or oral administration of
an antimicrobial drug.
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Fig. 2.
A plot of the log plasma concentration (Cp) over time after rapid IV infusion. The linear

beta-phase elimination curve has been extrapolated to the y-intercept to obtain the Cpo,
which is the hypothetical zero-time drug concentration.
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Fig. 3.
A plot of the log plasma concentration (Cp) over time.
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Antibiotic pharmacodynamics. A, time during which free-drug levels at the site of infection

exceed the MBC; B, time during wh
the MBC but exceed the MIC; C, pe

ich free-drug levels at the site of infection are less than
rsistent antimicrobial effects (postantibiotic effect,

postantibiotic leukocyte enhancement, and minimal antibacterial concentration) when free-
drug levels at the site of infection are less than the MIC; D, regrowth of residual bacteria.
(From Levison ME. Pharmacodynamics of antimicrobial agents: bactericidal and
postantibiotic affects. Infect Dis Clin N Am 1995;9:483-95.)
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Fig. 5.

A, time during which free-drug levels at the site of infection exceed the MBC; B, time
during which free-drug levels at the site of infection are less than the MBC but exceed the
MIC; C, persistent antimicrobial effects (PAE, MAC, and PALE) when free-drug levels at
the site of infection are less than the MIC; D, regrowth of residual bacteria, with (a) and
without (2’) adequate host defenses. Inadequate host defenses at the site of infection may
result in a higher residual bacteria population at the time the next dose is given (a’). (From
Levison ME. Pharmacodynamics of antimicrobial agents: bactericidal and postantibiotic
affects. Infect Dis Clin N Am 1995;9:483-95.)
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Fig. 6.

A, time during which free-drug levels at the site of infection exceed the MBC; B, time
during which free-drug levels at the site of infection are less than the MBC but exceed the
MIC; C, persistent antimicrobial effects (PAE, MAC, and PALE) when free-drug levels at
the site of infection are less than the MIC; D, regrowth of residual bacteria; E, bactericidal
effect following the next dose. If the next dose is given before significant regrowth occurs,
multiple doses can eventually clear bacteria from the site of infection. (From Levison ME.
Pharmacodynamics of antimicrobial agents: bactericidal and postantibiotic affects. Infect
Dis Clin N Am 1995;9:483-95.)

Infect Dis Clin North Am. Author manuscript; available in PMC 2013 June 07.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Levison and Levison

Antibiotic

Concentration 100 1

(ug/mL)

Bacterial Count
at the Site
of Infection

Fig. 7.

10

Page 28
A
— B ¢ D
/Qte of lnfectie& MBC
— — —MIC

-®
_-
-
a-”

Dose ‘ DC')SG ""' t

TIME

A, time during which free drug levels at the site of infection exceed the MBC; B, time
during which free drug levels at the site of infection are less then the MBC, but exceed the
MIC; C, persistent antimicrobial effects (PAE, MAC, and PALE) when free drug levels at
the site of infection are less than the MIC; D, regrowth of residual bacteria. Regrowth as a
result of a longer dosing interval, which compromises drug efficacy. (From Levison ME.
Pharmacodynamics of antimicrobial agents: bactericidal and postantibiotic affects. Infect
Dis Clin N Am 1995;9:483-95.)
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Fig. 8.

A, time during which free drug levels at the site of infection exceed the MBC; B, time
during which free drug levels at the site of infection are less than the MBC, but exceed the
MIC; C, persistant antimicrobial effects (PAE, MAC, and PALE) when free drug levels at
the site of infection are less than the MIC; D, regrowth of residual bacteria. The effect of
more rapid and extensive bactericidal action (a’) on the residual bacterial population despite
prolongation of the dosing interval. (From Levison ME. Pharmacodynamics of antimicrobial
agents: bactericidal and postantibiotic affects. Infect Dis Clin N Am 1995;9:483-95.)

Infect Dis Clin North Am. Author manuscript; available in PMC 2013 June 07.



