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Treatment of sepsis remains a significant challenge with persisting highAbstract
mortality and morbidity. Early and appropriate antibacterial therapy remains an
important intervention for such patients. To optimise antibacterial therapy, the
clinician must possess knowledge of the pharmacokinetic and pharmacodynamic
properties of commonly used antibacterials and how these parameters may be
affected by the constellation of pathophysiological changes occurring during
sepsis.

Sepsis, and the treatment thereof, increases renal preload and, via capillary
permeability, leads to ‘third-spacing’, both resulting in higher antibacterial clear-
ances. Alternatively, sepsis can induce multiple organ dysfunction, including
renal and/or hepatic dysfunction, causing a decrease in antibacterial clearance.

Aminoglycosides are concentration-dependent antibacterials and they display
an increased volume of distribution (Vd) in sepsis, resulting in decreased peak
serum concentrations. Reduced clearance from renal dysfunction would increase
the likelihood of toxicity. Individualised dosing using extended interval dosing,
which maximises the peak serum drug concentration (Cmax)/minimum inhibitory
concentration ratio is recommended.

β-Lactams and carbapenems are time-dependent antibacterials. An increase in
Vd and renal clearance will require increased dosing or administration by continu-
ous infusion. If renal impairment occurs a corresponding dose reduction may be
required.

Vancomycin displays predominantly time-dependent pharmacodynamic
properties and probably requires higher than conventionally recommended doses
because of an increased Vd and clearance during sepsis without organ dysfunc-
tion. However, optimal dosing regimens remain unresolved. The poor penetration
of vancomycin into solid organs may require alternative therapies when sepsis
involves solid organs (e.g. lung).

Ciprofloxacin displays largely concentration-dependent kill characteristics,
but also exerts some time-dependent effects. The Vd of ciprofloxacin is not altered
with fluid shifts or over time, and thus no alterations of standard doses are
required unless renal dysfunction occurs.
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In order to optimise antibacterial regimens in patients with sepsis, the
pathophysiological effects of systemic inflammatory response syndrome need
consideration, in conjunction with knowledge of the different kill characteristics
of the various antibacterial classes.

In conclusion, certain antibacterials can have a very high Vd, therefore leading
to a low Cmax and if a high peak is needed, then this would lead to underdosing.
The Vd of certain antibacterials, namely aminoglycosides and vancomycin,
changes over time, which means dosing may need to be altered over time. Some
patients with serum creatinine values within the normal range can have very high
drug clearances, thereby producing low serum drug levels and again leading to
underdosing.

The treatment of sepsis remains a significant sepsis, which will affect the antibacterial concentra-
challenge to critical care physicians world wide with tion at the target site. It follows that the pharmaco-
persisting high mortality and morbidity rates. The dynamic parameters that determine antibacterial ef-
incidence of sepsis exceeds that of colon cancer, ficacy, which can vary between antibacterial clas-
breast cancer and AIDS, with mortality rates of 30% ses, may also be affected. Further, since the
for mild to moderate sepsis and up to 82% for severe physiology of these patients may change over a
sepsis and septic shock.[1] Up to 50% of all patients relatively short period of time, ongoing evaluations
diagnosed with severe sepsis will die during their of sickness severity are indicated to allow timely
hospital admission.[2] In the US alone, 750 000 pa- adjustment of antibacterial dosing. Optimisation of
tients are diagnosed with sepsis annually,[3,4] result- these parameters is necessary to maximise the rate
ing in 210 000 deaths at a cost of $US17 billion.[4] of response through patient recovery and minimise
The incidence of sepsis is thought to be rising be- antibacterial resistance.[11,12] This review identifies
cause of the prevalence of increasing age of the the pathophysiological changes that occur during
population, the number of immuno-compromised sepsis in critically ill patients in the intensive care
patients, the use of invasive procedures and antibiot- unit (ICU) and the effect this has on the
ic resistance.[5] It is not the focus of this review to pharmacokinetic behaviour, and the pharmacody-
discuss diagnosis or novel management strategies of namic effect of commonly used aminoglycoside, β-
sepsis. Suffice to say that compelling evidence sug- lactam, glycopeptide and fluoroquinolone an-
gests that with source control of the pathogen, early tibacterials.
and appropriate antibacterial therapy remains the

1. Sepsismost important intervention that the clinician can
implement for such patients.[6-10] Appropriate
antibacterial therapy should therefore be a priority in 1.1 General
the management of patients with sepsis.

A constellation of pathophysiological changes The older definitions of sepsis[13] (a systemic
can occur in patients with sepsis, which complicate inflammatory response syndrome [SIRS] triggered
antibacterial dosing. Knowledge of the pharmacoki- by an overwhelming infection) have recently been
netic and pharmacodynamic properties of the refined.[13,14] Severe sepsis occurs upon failure or
antibacterials used for the management of sepsis is dysfunction of at least one organ. Septic shock is
essential for selecting the antibacterial dosage regi- defined by hypotension in the setting of severe sep-
mens that will optimise patient outcomes.[11] sis that is unresponsive to fluid resuscitation. De-
Changes in the volume of distribution (Vd) and spite advances in critical care medicine, the progno-
clearance of the antibacterials have been noted in sis of sepsis and septic shock remain poor. Much
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research has been directed at cellular targets to limit Previous studies have reported that critically ill
the associated inflammatory and coagulation cas- patients with normal serum creatinine levels may
cades including interleukins, cytokines and tumour have high creatinine clearance (CLCR).[28,29] This
necrosis factor-α.[5] None of these interventions phenomenon is most likely to result from the clinical
have been found to be as important or effective as interventions used to reverse hypotension as de-
optimal antibacterial therapy.[5-9,15] However, the scribed earlier. The implications of the high creati-
appropriate prescription of antibacterials requires a nine clearance, which is probably related to high
detailed knowledge of the pathophysiological and renal blood flow, will result in supranormal clear-
subsequent pharmacokinetic changes that occur ance of renally cleared drugs. This increase in clear-
throughout the course of sepsis.[16,17] ance is the major reason for the different dosing

requirements between ICU and non-ICU pa-
1.2 Pathophysiological Changes in Sepsis tients.[30,31] A similar scenario probably occurs for
that Can Affect Drug Distribution hepatically cleared antibacterials.

1.2.2 Pathophysiology of Sepsis Causing1.2.1 General Pathophysiology of Sepsis without
Organ DysfunctionOrgan Dysfunction
As sepsis progresses, significant myocardial de-The pathogenesis of sepsis appears highly com-

pression can occur, which leads to a decrease inplex.[5,14,18,19] Endotoxins, such as lipopolysaccha-
organ perfusion.[23] Myocardial insufficiency andrides (Gram-negative bacteria), or lipoteichoic acid
abnormalities of the macrovascular circulation are(Gram-positive bacteria) or mannan (fungi) stimu-
compounded by failure of the microcirculation. Thislate the production of various endogenous
induces end-organ microvascular alterations whichmediators, such as cytokines, interleukins, platelet
may progress to multiple organ dysfunction syn-activating factor, eicosanoids, complement compo-
drome.[1] This often includes renal and/or hepaticnents and kinins.[20] These mediators may affect the
dysfunction. There is a consequent decrease in an-vascular endothelium directly or indirectly, result-
tibacterial clearance, which prolongs eliminationing in either vasoconstriction or vasodilatation with
half-life (t1/2) and may increase antibacterial concen-maldistribution of blood flow, endothelial damage
trations and/or lead to the accumulation of metabo-and increased capillary permeability. This capillary
lites.[32]

leak syndrome results in fluid shifts from the in-
Figure 1 schematically identifies the pharma-travascular compartment to the interstitial

cokinetic changes that can occur due to the alteredspace,[21,22] which is known as ‘third spacing’. This
pathophysiology during sepsis.would increase the Vd of water-soluble drugs, which

decreases their serum drug concentration.

Increased Creatinine Clearance in Critically Ill
Patients without Renal Dysfunction

Patients often present with hypotension from the
inflammatory response associated with sepsis. Stan-
dard initial management involves administration of
intravenous fluids to elevate blood pressure. If hy-
potension persists, inotropic agents (some of which
may be ‘inoconstrictors’) are prescribed. It is there-
fore not surprising that patients with sepsis often
have higher than normal cardiac indices.[18,23,24] In
the absence of significant organ dysfunction, there is
often an increased renal preload and consequently
increased creatinine and drug clearance.[25-27]

Leaky capillaries
and/or altered
protein binding

End-organ
dysfunction (e.g.
renal or hepatic)

Increased
clearance

Decreased
clearance

Low serum
concentrations

High serum
concentrations

SEPSIS

Increased
cardiac index

Increased volume
of distribution

Fig. 1. Schematic representation of the basic pathophysiological
changes that can occur during sepsis, and their subsequent
pharmacokinetic effects.
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When renal dysfunction is present or if the pa- pathophysiological changes, caused by sepsis, on
tient needs intermittent haemodialysis, standard the pharmacokinetic and pharmacodynamic parame-
texts or review articles[33,34] can be used as a guide ters of the antibacterial is necessary. Further, since
for altered dosing. However, if a patient has been the physiology of these patients may change over a
commenced on continuous renal replacement ther- relatively short period of time, ongoing evaluations
apy (CRRT), a new variable is introduced.[35] While of sickness severity are indicated to allow timely
it is not the focus of this review to address this area, adjustment of antibacterial dosing.
when dosing antibacterials in the ICU consideration
of this issue is necessary, as illustrated in the next 2.1 Pharmacokinetic Considerations
paragraph.

Pharmacokinetics refers to the study of concen-
Continuous Renal Replacement Therapy tration changes of a drug over a given time period.
Septic patients may develop acute renal failure The primary pharmacokinetic parameters of impor-

requiring CRRT during sepsis. Various methods of tance to antibacterials include:
CRRT are available to remove fluid and waste prod- • Vd
ucts from the blood of patients with renal insuffi- • clearance
ciency or failure. CRRT may have an additional • t1/2
effect on antibacterial pharmacokinetics. The effect • peak serum drug concentration achieved by a
is complex and each method varies in its extent of single dose (Cmax)
drug clearance. Concomitant patient factors to be • minimum serum drug concentration during a dos-
considered include changes in total body water,

ing period (Cmin)
albumin and acute phase protein levels, muscle

• area under the serum concentration-time curve
mass, blood pH, bilirubin concentration, renal, hep-

(AUC).
atic and cardiac function.[36,37] Drug factors include

These factors can be used to determine whethermolecular size, protein binding, route of elimina-
appropriate concentrations of the antibacterial aretion, drug charge and volume of distribution.[36-38]

being delivered to the target area.[12]
CRRT considerations include the type of filter used,
the blood flow rate, the ultrafiltration rate, whether

2.2 Pharmacodynamic Considerationscounter current dialysis is used and the volume and
dialysate flow rate and any membrane interactions Pharmacodynamics relate pharmacokinetic pa-
that may occur.[31,35-37,39-44]

rameters (measures of drug exposure) and pharma-
With recovery from sepsis, these pathophysio- cological effect. For antibacterials, pharmacody-

logical changes will reverse. The challenge for the namic parameters relate the pharmacokinetic factors
clinician and prescribing team is to appropriately to the ability of the antibacterials to kill or inhibit the
alter dosages of antibacterials in line with changes to growth of the infective organism.
organ function and third spacing. Pharmacodynamic parameters include the fol-

lowing:
2. Applied Clinical Pharmacology • the time for which the serum concentration of a

drug remains above the minimum inhibitory con-To achieve the ‘ideal’ treatment of an infection, it
centration for a dosing period (T>MIC);is necessary to optimise the possible interactions

• the ratio of the antibacterial Cmax to MIC (Cmax/between the host, the pathogen and the antibacteri-
MIC);al.[11] This task becomes more difficult in critically

• the ratio of the AUC during a 24-hour time periodill patients, where recommended antibacterial regi-
to MIC (AUC24/MIC) [see figure 2].mens have been derived from volunteer studies or

other patient groups who were not critically ill. Pharmacodynamically, the rate and extent of the
Therefore, consideration of the effect of the bactericidal activity of an antibacterial is dependent
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subsequent studies have also found that AUC24/
MIC is important[45,48] (table II).

2.3.1 Post-Antibiotic Effect
Most antibacterials demonstrate a post-antibiotic

effect (PAE). PAE refers to the continued suppres-
sion of bacterial growth for prolonged periods when
drug concentrations fall below the MIC of the bacte-
ria.[70] β-Lactams demonstrate a modest PAE
against Gram-positive organisms, but no PAE (ex-
cept carbapenems) against Gram-negative orga-
nisms.[70,71] Aminoglycosides demonstrate a signifi-
cant PAE (>3 hours), the duration of which is con-
centration dependent.[47,72-78] Fluoroquinolones also
possess a prolonged PAE.[79,80] Interestingly, the
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e.g. fluoroquinolones
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Fig. 2. Pharmacokinetic and pharmacodynamic parameters of an-
tibacterials on a concentration vs time curve. AUC = area under the
serum concentration-time curve; Cmax = peak serum drug concen-
tration; Cmin = minimum serum drug concentration; MIC = minimum
inhibitory concentration; T>MIC = time for which the serum concen-
tration of a drug remains above the MIC for a dosing period. PAE of an antibacterial can change in states of

altered immune function, such as neutropenia,[81-83]

on the interaction between drug concentrations at or in critically ill patients with sepsis, although this
the site of infection, bacterial load, phase of bacteri- has not been widely characterised for all antibacteri-
al growth and the MIC of the pathogen.[12] It follows als. A reduction in leukocyte count has been shown
that a change in any of these factors will affect the to reduce the efficacy of aminoglycosides.
activity of the antibacterial against a particular path-

2.3.2 Post-β-Lactamase Inhibitor Effectogen and may affect the outcome of therapy. Devel-
Post-β-lactamase inhibitor effect (PLIE) refers tooping dosing regimens that maximise the rate of

a period of continued suppression of bacterialresponse in patients with sepsis is important for
growth after removal of a β-lactamase inhibitor (al-accelerating patient recovery and minimising the
so known as suicide inhibitor).[84] It has been showndevelopment of antibacterial resistance.[12,45] Effec-

tive antibacterial therapy is essential to optimise
patient outcomes.[6-10]

2.3 Kill Characteristics of Different
Antibacterial Classes

Pharmacodynamically, different antibacterial
classes appear to have different types of kill charac-
teristics on bacteria (figure 2 and table I). These kill
characteristics have been determined from in vitro
studies and describe the pharmacokinetic measure-
ments that represent optimal bactericidal activity.[12]

The β-lactam group of antibacterials have a time-
dependent (or concentration-independent) kill char-
acteristic with T>MIC as the best predictor of effica-
cy.[46] In contrast, aminoglycosides have a concen-
tration-dependent (or time-independent) kill charac-
teristic where effect is determined by Cmax/MIC.[47]

Fluoroquinolones are more complex and were ini-
tially reported to be Cmax/MIC dependent, although

Table I. Pharmacodynamic properties that correlate with the effica-
cy of selected antibacterials

Antibacterials Pharmacodynamic kill Optimal
characteristics pharmacodynamic

parameter

Aminoglycosides Concentration dependent Cmax/MIC
Metronidazole
Fluoroquinolones

Fluoroquinolones Concentration dependent AUC24/MIC
Azithromycin with time dependence
Tetracyclines
Glycopeptides

β-Lactams Time dependent T>MIC
Carbapenems
Linezolid
Erythromycin
Clarithromycin
Clindamycin

AUC24 = area under serum concentration-time curve during
24-hour time period; Cmax = peak plasma drug concentration; MIC
= minimum inhibitory concentration; T>MIC = time for which the
serum concentration of a drug remains above the MIC for a dosing
period.
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to occur in vitro for amoxicillin plus clavulanic clinical response. Aminoglycosides also exhibit a
acid,[84] and more recently, ceftazidime plus significant PAE, which can prevent bacterial
sulbactam.[85] It is thought that a β-lactam and sui- regrowth for prolonged periods should drug concen-
cide inhibitor (e.g. clavulanic acid or sulbactam) trations fall below the MIC.[47,70,72-78,91]

may be combined to utilise this PLIE in extended- To clarify, the properties of aminoglycosides are
spectrum β-lactamases, to enable reduced β-lactam as follows: (i) high widely spaced doses causing less
doses.[84] However, to date there is scarce evidence toxicity than smaller more frequent doses; (ii) high
of the clinical effects of PLIE itself. doses producing better kill curves; and (iii) the PAE

led to the development of single daily dosing for
3. Antibacterial Classes aminoglycoside antibacterials.[95,96] It has now been

shown in prospective clinical trials[53,97-99] and nu-
General pharmacokinetic and pharmacodynamic merous meta-analyses[87-90] that this recommenda-

characteristics is considered for aminoglycosides, β- tion is valid, i.e. large, single, daily doses (or more
lactams, glycopeptides and ciprofloxacin (as a rep- correctly, extended interval dosing) of aminoglyco-
resentative of the fluoroquinolones) . The clinical sides produce less toxicity and comparable, if not
application and dosing implications of these proper- superior clinical outcomes.
ties for critically ill patients is also addressed.

3.1.3 Pharmacodynamic Considerations for
3.1 Aminoglycosides Critically Ill Patients with Sepsis

The problem of patient variability in peak ami-
3.1.1 Pharmacokinetics – General noglycoside serum concentrations has been ob-
The debate of aminoglycoside dosing continues served in critically ill patients.[49,50,100-109] In sepsis

because of the narrow therapeutic index of these without organ dysfunction there is typically in-
drugs. There is accumulating evidence to show that creased aminoglycoside clearance.[50,76,107,109] An in-
administering aminoglycosides as a once-daily dose crease in aminoglycoside Vd has been noted in
is associated with less nephro- and ototoxicity than patients with sepsis, due to the processes described
the same total dose administered in small, multiple above,[21,22,110] and with patient sickness severity,
doses.[86-91] It is therefore considered that the troughs measured by the Acute Physiology and Chronic
– or more specifically the AUC – are more closely Health Evaluation (APACHE) II score.[111] Impor-
correlated with the well documented adverse renal tantly, the critically ill patient with a high APACHE
and ototoxic effects of these drugs.[86-91] Monitoring II score and normal renal function will not only have
of serum aminoglycoside concentrations is essential lower trough concentrations, but also lower peak
for minimising these adverse effects. The serum concentrations compared with a patient who has a
half-life of aminoglycosides will increase in renal lower APACHE II score. The effect of sickness
impairment as they are excreted unchanged almost severity on aminoglycoside concentrations, result-
entirely by glomerular filtration.[49]

ing in a change in Vd in an individual patient during
the course of therapy, may explain in part the wide3.1.2 Pharmacodynamic Principles

of Aminoglycosides variability of dosages needed to achieve therapeutic
concentrations as reported in published stud-The kill characteristic of the aminoglycosides is
ies.[50,100-109]concentration dependent.[72-78,92-94] Experimentally,

a high Cmax of an aminoglycoside antibacterial pro- The aminoglycoside PAE has been demonstrated
vides a better, faster killing effect on standard bacte- in Gram-positive and Gram-negative orga-
rial inocula. In a retrospective study, Moore et al.[47] nisms.[82,112] In vitro studies have shown enhanced
demonstrated, quite unequivocally, that a high Cmax bacterial phagocytosis by leukocytes after exposure
of an aminoglycoside relative to the MIC for the to aminoglycosides, which has been termed the
infecting organism was a major determinant of the post-antibiotic leukocyte enhancement (PALE).[113]

© 2006 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2006; 45 (8)
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It follows that in a critically ill patient with neutro- 3.2 β-Lactam Antibacterials
penia or a low leukocyte count (as shown in animal
models[82]), aminoglycosides may have decreased 3.2.1 Pharmacokinetics – General
efficacy. This has been supported by data showing The β-lactam group of antibacterials consists of
that as the absolute neutrophil count decreases, penicillins, cephalosporins, carbapenems and

monobactams. Evidently, this group encompasseshigher bactericidal activity is required,[83] and this
many compounds and variability certainly existsmay be obtained by increasing the aminoglycoside
(e.g. ceftriaxone has a longer t1/2 [5.8–8.7 hours] inCmax. The value of once-daily dosing in this popula-
adults, and high protein binding [>80%],[62] table II).tion has been studied[81] and randomised trials com-
In conventional bolus dosing regimens, serum con-paring once-daily and multiple-daily dosing of ami-
centrations of these antibacterials fall to low levelsnoglycosides have been performed with co-adminis-
between doses.[29,59,117] Renal elimination of these

tration of a β-lactam antibacterial. These studies
drugs is often linearly related to CLCR, so serum

were subjected to a meta-analysis that found no concentrations will increase in the presence of renal
significant differences in efficacy between once- dysfunction[30,60] except for those β-lactams that
daily and multiple-daily dosing.[114] However, there have significant biliary clearance (e.g. ceftriaxone
is reduced toxicity from once-daily dosing.[115] Until and oxacillin). In contrast, low serum concentrations
there are further studies suggesting otherwise, the of these antibacterials can occur in the acute phase
evidence supports the administration of high-dose, of sepsis because of enhanced cardiac and renal (and

possibly hepatic) function resulting in high drugonce-daily aminoglycosides, given with a broad
clearance.[29,59]spectrum β-lactam antibacterial, to critically ill pa-

tients with sepsis who have a low leukocyte count.
3.2.2 Pharmacodynamic Principles of
β-Lactam Antibacterials

3.1.4 Summary of Aminoglycoside Dosing in Kill characteristics of β-lactam antibacterials dif-
Critically Ill Patients with Sepsis

fer significantly from those of aminoglycosides. In
Tobramycin and gentamycin should be initially vivo animal experiments have demonstrated that β-

administered at 7 mg/kg (amikacin 20–30 mg/kg) to lactams have a slow continuous kill characteristic
enable a high Cmax/MIC ratio with drug clearance that is almost entirely related to the time for which
monitored by using either published nomograms[110] concentrations in tissue and serum exceed a certain

threshold (generally the MIC) of  the  infectingor trough serum concentrations if renal dysfunction
organism  (T>MIC).[46] Once the concentration ofis suspected. Such dosing should enable a Cmax/
the antibacterial falls below  this  threshold, anyMIC ratio >10, which maximises the PAE and bac-
remaining  bacteria multiply  almost immediate-terial killing.[70,110,116] Subsequent doses should be
ly.[72-77,92,93,118] This may also facilitate the develop-individualised.[110] If drug or creatinine clearance is
ment of antibacterial resistance, particularly if thereduced, then maintenance of doses to maximise the
serum concentrations fall below the threshold forCmax/MIC ratio at extended intervals is recommend-
more than half the dosing interval.[119] It has been

ed, even if that requires 36- or 48-hourly dosing. In
proposed that, in the absence of any PAE, the serum

patients with renal function within the reference concentration of a β-lactam antibacterial should ex-
range, 24-hour dosing using published nomograms ceed the MIC for the respective organism for
could be used.[54,55] Alternate methods of monitoring 90–100% of the dosing interval.[120] Animal and in
aminoglycosides after once-daily dosing have also vitro studies show that β-lactams do confer a PAE
been successfully suggested,[53,56,57] including using on Gram-positive staphylococci, streptococci and
Bayesian methods that have shown reduced toxicity enterococci, while only carbapenems have demon-
profiles.[54,55,58] strated a PAE against Gram-negative orga-
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nisms.[46,71,112,121-126] Other studies have demonstrat- CLCR was reported to be an independent predictor
ed maximum killing of bacteria at 4–5 times MIC, of antibacterial clearance. Pharmacokinetic/pharma-
with still higher concentrations providing no added codynamic modeling showed that the T>MIC could
efficacy.[127,128] As such, it has been proposed that be predicted by CLCR, and that serum concentra-
concentrations of β-lactam antibacterials should be tions of these antibacterials were low when using a
maintained at 4–5 times the MIC for extended peri- standard dosing regimen.[29,59] As a result, dosage
ods during each dosing period.[73-75] It is noteworthy adjustment according to increased renal function is
that bolus dosing (e.g. of cephalosporins) produces an important pharmacokinetic consideration to en-
unnecessary peak and low trough concentrations sure optimal therapy that complies with β-lactam
below the MIC for much of the dosing inter- pharmacodynamic properties. This may require in-
val.[29,59,129,130] It follows that an improved antibacte- creased dosing or preferably increased frequency of
rial profile is obtained with either more frequent dosing to ensure T>MIC is maximised. Preliminary
dosing[59,120] or continuous infu- data suggest clinical and bacteriologic superiority
sions.[59,118,120,121,127,129-136] when administering ceftriaxone by continuous infu-

sion compared with bolus dosing of ceftriaxone inAt the clinical level, dosing regimens of β-lactam
patients with sepsis.[152]antibacterials are currently undergoing re-evaluation

In severe sepsis with renal and/or hepatic dys-to ascertain the optimal T>MIC.[117,118,120,128,137] Nu-
function, reduced β-lactam clearance can occur.merous studies have compared administration of β-
Consequently, serum drug concentrations may belactams by continuous infusion with bolus dos-
elevated to higher than expected concentrations. De-ing.[118,127,138-140] The results have largely shown
pendent on the infective organism and toxicity pro-comparable therapeutic efficacy with other literature
file of the β-lactam, dose reduction may be indicat-purporting improved patient survival, decreased
ed. Severe sepsis may also lead to an immune sys-length of stay in ICU and decreased resources ex-
tem dysfunction evident by the presence ofpended on patient therapy when continuous infusion
neutropenia. Previous studies with Klebsiellais used.[7,141] Continuous infusion has also shown a
pneumoniae have suggested that neutropenia mayreduction in the total daily dose of drug re-
not reduce the antibacterial effect of β-lactams sig-quired.[127,131,142-148] Further research is necessary to
nificantly, but may enable a relapse of infectionquantify the clinical utility of administering β-
when antibacterial therapy is ceased.[153,154] It fol-lactams as a continuous infusion.
lows that critically ill patients may require β-lactam
therapy until the white blood cell count normalises.3.2.3 Pharmacodynamic Considerations for

Critically Ill Patients with Sepsis
3.3 CarbapenemsIt is increasingly apparent that the pharmacoki-

netics of the β-lactam antibacterials in the critically
3.3.1 Pharmacokinetics – Generalill patient with sepsis are different from those in

other patients.[149,150] Some studies have shown an Carbapenems are a separate class of β-lactam
increased Vd.[17,29,151] Sepsis without organ dysfunc- antibacterials that possess good Gram-negative and
tion can lead to increased β-lactam clearance and Gram-positive activity. Like other β-lactams, these
result in lower serum concentrations than ex- antibacterials  typically have a minimal adverse-
pected.[29,50,59,76,107,109,127,129-131,149,150] High β-lactam effect profile.[64] Increased seizure activity has been
clearance has been demonstrated in several other noted with imipenem and as a result has been re-
studies.[29,59,127,129-131] One inclusion criterion com- corded as a potential adverse event for all
mon to many of these studies was normal serum carbapenems, particularly in infants, elderly patients
creatinine. In two of these studies it was shown that and those with renal dysfunction.[155-158] Because of
the clearance of cefepime and, more recently, its instability, imipenem is typically combined with
cefpirome is linearly related to CLCR.[29,59] As such, cilastatin and betamipron is combined with
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panipenem as a renal protectant.[159] These adjuncts T>MIC remains a topical issue for carbapenems.
have higher protein binding and may accumulate in Some research has shown meropenem to be unsuita-
patients with renal failure, the significance of which ble for 8-hour infusions in a tropical country, where
is unknown.[64] the room temperature was 32–37°C[171] and that it

spontaneously degrades in saline solutions after <6In conventional bolus dosing regimens, serum
hours at normal room temperature (25°C).[172] Otherconcentrations of carbapenems fall to low concen-
research has shown adequate stability for 8-hourtrations between dosages. Renal elimination of these
infusions to be administered[167,173] and up to 12drugs is directly related to CLCR, so serum concen-
hours in a cold pouch.[174] Intermittent 3-hour infu-trations may accumulate in renal dysfunction if dos-
sions have also been utilised in previous studies.[175]age adjustments are not made.[64,160-162]

Some preliminary data suggest clinical superiority
3.3.2 Pharmacodynamic Principles of administration by continuous infusion in critical-
of Carbapenems

ly ill patients;[176] however, further studies are
Kill characteristics of carbapenems are similar to

needed. Because of the stability concerns associated
other β-lactam antibacterials and show time-depen-

with meropenem, the use of intermittent 3-hour in-
dent killing.[120] However, in vitro models have

fusions is suggested to optimise the pharmacody-
shown that carbapenems require a reduced percent-

namic profile.
age of T>MIC for bacteriostatic activity (20%) and

As with other β-lactams, the impaired immune
bactericidal activity (40%),[163] which may relate to

function of the critically ill patient will most likely
the carbapenem PAE.[123] Thus, while the apparent

have little effect in changing the MIC breakpoints.
need for more frequent dosing or administration by

Therefore, individualised dosing, dependent on the
continuous infusion is reduced from this in vitro

sickness severity, fluid shifts and organ function, is
data, concentration-related toxicity can be avoid-

required in this patient population.[153]
ed[46,163] and pharmacoeconomic advantages from a
reduced total daily dose may still be conferred.[164]

3.4 Glycopeptides (Vancomycin
Optimisation of the pharmacodynamic profile of and Teicoplanin)
carbapenems has been shown previously by the use
of extended infusions,[165-167] although, to date only 3.4.1 Pharmacokinetics – General
improved in vitro efficacy has been reported.[167,168]

Vancomycin has a Vd of 0.2–1.25 L/kg and a t1/2
Further research to determine the clinical efficacy of of 4–6 hours (table II) in patients with normal renal
administering carbapenems as a continuous infusion function, which may extend to 19 hours in chronic
is required. renal failure. It is 30–55% protein bound and distrib-

utes widely into extracellular water.[65,177] It is3.3.3 Pharmacodynamic Considerations for
Critically Ill Patients with Sepsis predominantly renally eliminated and while it has

been associated with self-limiting nephrotoxicity,As with other β-lactam antibacterials, the
particularly during co-administration of otherpharmacokinetics of the carbapenems change in
nephrotoxins,[178,179] its potential to cause nephro-critically ill patients with sepsis. Specifically,
toxicity has been debated.[65] However, Fernandezcarbapenems demonstrate decreased t1/2 and in-
de Gatta et al.[66] found a relationship betweencreased Vd and clearance.[169,170] In sepsis without
vancomycin exposure and nephrotoxicity and pro-organ dysfunction, as with aminoglycosides and
vided evidence that therapeutic drug monitoring ofother β-lactams, increased clearance can occur re-
vancomycin led to a reduced incidence of nephro-sulting in lower serum concentrations of
toxicity.carbapenems. Higher dosing or more frequent dos-

ing may, therefore, be indicated for critically ill Teicoplanin has a Vd of 0.9–1.6 L/kg (at steady-
patients with sepsis without organ dysfunction. Ad- state concentrations) and a t1/2 of 80–160 hours in
ministration by continuous infusion, to maximise patients with normal renal function, which may be
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extended in patients with renal failure.[180-182] It is mycin is administered by bolus dosing. Wysocki et
90% protein bound and distributes widely into ex- al.[189] specifically compared continuous infusion
tracellular water. It is predominantly renally elimi- and intermittent dosing of vancomycin in 160 pa-
nated. A decrease in albumin level or binding in- tients and found no significant difference in clinical
creases the Vd and clearance of teicoplanin.[181] efficacy. However, recently Rello et al.,[190] de-
Therapeutic drug monitoring of teicoplanin is not scribed a suggestion of clinical superiority of contin-
necessary to avoid toxicity, but can be helpful in uous infusion of vancomycin in a subset of patients
certain patient groups to ensure therapeutic concen- treated for ventilator-associated pneumonia caused
trations are present.[182]

by methicillin-resistant S. aureus (MRSA). Thus,
while the economic advantages of reduced dosage of

3.4.2 Pharmacodynamic Principles vancomycin by continuous infusion have been de-
of Glycopeptides scribed,[189] the possible clinical advantages remain
The specific interpretation of the pharmacody- unclear.

namic properties of glycopeptides is not fully under-
stood. Vancomycin is preferentially discussed as 3.4.3 Pharmacodynamic Considerations for
representative of the glycopeptides due to its in- Critically Ill Patients with Sepsis
creased usage. Vancomycin is well known to induce

Sepsis without organ dysfunction will cause an
PAE and has pharmacodynamic properties in com-

increased Vd from increased extracellular water andmon with both aminoglycosides and β-lactams.
an increased rate of renal excretion of vancomycin.Some data suggest that the bactericidal activity of
As a consequence, in our experience we have foundvancomycin is time-dependent.[183-185] Larsson et
that higher doses than those conventionally recom-al.[183] demonstrated this in an in vitro staphylococ-
mended (similar to paediatric doses 40 mg/kg/cal model suggesting that maximising kill rates is
day[191]) may be needed to optimise serum concen-achieved by maintaining concentrations above the
trations. It also seems that the greater the thirdMIC.[153] Similar results have been obtained for
spacing in the patient, the higher the dose of vanco-teicoplanin in a rabbit endocarditis model.[186] Inter-
mycin needed to achieve any target concentra-estingly, an in vitro study[187] found no difference in
tion.[191] However, with renal dysfunction there willrates of killing of Staphylococcus aureus by vanco-
be reduced clearance and drug accumula-mycin when given as various forms of continuous
tion.[178,179,192] As a result, diligent monitoring ofinfusion and bolus dosing, suggesting that T>MIC is
trough vancomycin serum concentrations (recom-not the categorical pharmacodynamic factor. Cmax/
mended concentration 15–20 mg/L) is currently rec-MIC was found to be the pharmacodynamic factor
ommended to ensure efficacy of dose by followingcorrelated with efficacy in a non-neutropenic mouse
the T>MIC pharmacodynamic property.[193] Theseperitonitis model for Streptococcus pneumoniae and
concentrations can be maintained by dosing 6-, 8- orS. aureus suggesting that glycopeptides might show
12-hourly or by continuous infusion, although theconcentration-dependent killing against some orga-
optimal dosing regimen for vancomycin remainsnisms.[188] Whether this pharmacodynamic effect is
unresolved because of the lack of definitive evi-primarily because of the presence of neutrophils in
dence of pharmacodynamic efficacy and evidencethis model is unknown.
linking concentrations to either outcome or toxici-Other studies have proposed that AUC24/MIC is
ty.[184,193] The ongoing debate on the optimal admin-the most important pharmacokinetic/pharmacody-
istration of vancomycin[184,187,189,190,194] demon-namic parameter correlating with efficacy.[153,177] As
strates the need for further research in this area.such, the optimal dosing regimen for administration
Improved outcomes from dosing glycopeptides byof vancomycin remains unknown; continuous infu-
continuous infusion may particularly be found insion ensures the T>MIC property without the bene-
critically ill patients with neutropenia.fits of the PAE, while the reverse exists if vanco-

© 2006 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2006; 45 (8)



766 Roberts & Lipman

Another factor emerging for the prescribing team dependent effects. Previous research has suggested
to consider when ordering vancomycin, is its poor that achieving a Cmax/MIC ratio of 10 for ciproflox-
penetration into solid organs, particularly the acin is the critical variable in predicting bacterial
lung.[195,196] Thus, if the sepsis is thought to emerge eradication.[206] Forrest et al.[48] studied ciproflox-
from a lung focus, the co-prescription of rifampicin acin in critically ill patients and concluded that
(rifampin) as dual therapy has been suggested.[195] achieving an AUC24/MIC >125 is associated with a
Therapy with rifampicin as a single agent is not successful clinical outcome. This result is necessary
recommended because of its propensity to cause for Gram-negative organisms with Gram-positive
bacterial resistance.[197] Alternatively, high-dose organisms requiring an AUC24/MIC of 30,[48,207-209]

vancomycin (aiming for trough concentrations ≥20 although fluoroquinolones should not be used as
mg/L) has been advocated[197] for sepsis originating single agent treatment of Gram-positive infections.
in solid organs. Of course, other antibacterial agents Inappropriate low-dose administration of ciproflox-
do provide better penetration of the epithelial lining acin has also been associated with the emergence of
fluid of the lung and, thus, therapy with either, resistant bacterial strains (particularly enterococci,
linezolid,[198] tigecycline[199] or televancin[200] may Pseudomonas and MRSA).[210-212] For Gram-nega-
be preferred. We believe that teicoplanin does not tive bacteria, this may occur when the AUC24/MIC
add many clinical advantages and that newer drugs is <100.[213,214] Therefore, AUC24/MIC and Cmax/
in production will take its place as vancomycin MIC are pharmacodynamic variables that require
substitutes. close attention for optimal fluoroquinolone usage.

3.5 Ciprofloxacin (as a Representative of 3.5.3 Pharmacodynamic Considerations for
the Fluoroquinolones) Critically Ill Patients with Sepsis

Ciprofloxacin (like other quinolone antibacteri-
3.5.1 Pharmacokinetics – General als) is commonly used in critically ill patients be-
Ciprofloxacin is metabolised in liver to multiple cause of its broad spectrum and good tissue penetra-

metabolites although dosage adjustment is only rec- tion.[215] Pharmacokinetic studies in adult patients
ommended, by the product information,[67] in renal with severe sepsis and intra-abdominal sepsis[215]

dysfunction to prevent accumulation of drug and have shown that the Vd of ciprofloxacin is not
metabolites.[201] Other research by Jones[202] has altered with fluid shifts, or over time, since it distrib-
shown impaired ciprofloxacin clearance in renal utes intracellularly and binds to structures therein.
impairment only when the patient had concomitant This characteristic is also maintained for the infant
bowel or liver pathology, suggesting that accumula- <12 months old,[28] where body water content is
tion will only occur when at least two elimination greater than that in older children and adults. In
pathways are compromised. The researcher recom- contrast, vancomycin and aminoglycosides dis-
mended that in critically ill patients with sepsis and tribute into the extracellular and intravascular com-
acute renal impairment, dosage adjustment is only partments. Thus, changes in the extracellular, in-
necessary if the patient also has intra-abdominal travascular compartment will affect Cmax and Vd
disease. It should be noted that the fluoroquinolones, more than if these latter drugs would be distributed
levofloxacin and gatifloxacin are only moderately throughout all tissues. Ciprofloxacin, on the other
lipophilic, which confers a higher rate of renal clear- hand, is distributed more widely within the body,
ance suggesting that reduced doses are necessary which allows the Vd for ciprofloxacin to remain
during renal failure (table II).[203-205]

relatively unchanged. Thus, while dosage adjust-
ments for altered Vd are not required in critically ill3.5.2 Pharmacodynamic Principles

of Fluoroquinolones patients, dosage adjustments may be necessary in
Ciprofloxacin displays  largely concentration- enhanced or reduced renal function. As stated previ-

dependent kill characteristics, but also some time- ously achieving an AUC24/MIC of >125 for Gram-
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negative organisms is associated with improved a high CLCR we can assume fluoroquinolone clear-
clinical outcomes in critically ill patients. The dos- ance is also high. If this were true these antibacteri-
age recommended to achieve these pharmacody- als would also need to have higher daily doses than
namics is intravenous ciprofloxacin 400mg 8-hourly proposed in the standard literature. We have shown
in adults and this need not be changed during sepsis that in adults with normal renal function ciproflox-
unless renal dysfunction occurs.[215,216] acin can be safely administered intravenously at

400mg 8-hourly.
The treatment of sepsis remains a significant4. Conclusion

challenge given the persisting high morbidity and
Current antibacterial regimens have been derived mortality rates. Data suggest that effective an-

from trials with patients who are not critically ill tibacterial therapy remains the most important inter-
with conditions such as sepsis. In order to optimise vention available to the clinician. In treating sepsis,
antibacterial regimens in patients with sepsis, the a clinician must be aware of the impact of the
pathophysiological effects of SIRS need considera- various pathophysiological and subsequent pharma-
tion, in conjunction with knowledge of the different cokinetic changes that can occur during sepsis. In
kill characteristics of the various antibacterial clas- this article we have described the common an-
ses. The end result will be dosing and regimens that tibacterial classes and the pharmacodynamic fea-
are more appropriate for use in critically ill patients tures that must be recognised to optimise clinical
with sepsis that may differ from more common efficacy. Facilitation of these pharmacodynamic pa-
antibiotic prescribing practices. rameters will optimise antibacterial therapy in pa-

Certain antibacterials can have a high Vd during tients with sepsis, and augment therapeutic out-
sepsis leading to a reduced Cmax. It follows then that comes.
underdosage may occur if a high Cmax is needed
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