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Abstract Antibiotic treatment of critically ill patients
remains a significant challenge. Optimal antibacterial
strategy should achieve therapeutic drug concentration in
the blood as well as the infected site. Achieving therapeutic
drug concentrations is particularly difficult when infections
are caused by some pathogens, such as Pseudomonas
aeruginosa, methicillin-resistant Staphylococcus aureus
(MRSA) and Gram-negative rods, because of their low
susceptibility to antimicrobials. In sepsis, pharmacokinetics
(PKs) of antibiotics are profoundly altered and may result
in inadequate drug concentrations, even when recommen-
ded regimens are used, which potentially contribute to
increased mortality and spread of resistance. The wide
inter-individual PK variability observed in septic patients
strongly limits the a priori prediction of the optimal dose
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that should be administered. Higher than standard dosages
are necessary for the drugs, such as f3-lactams, amino-
glycosides, and glycopeptides, that are commonly used as
first-line therapy in these patients to maximize their
antibacterial activity. However, the benefit of reaching
adequate drug concentrations on clinical outcome needs to
be further determined.
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Introduction: Principles of Antibiotic Prescription
for the Critically Ill Patient

Sepsis is a major healthcare problem, being one of the most
important reasons for admission to Intensive Care Units
(ICUs) and resulting in high morbidity and mortality, which
rises up to 50% in case of septic shock [1-3]. Along with
effective volume replacement and prompt hemodynamic
optimization [4], compelling evidence suggests that an
early and appropriate antibiotic therapy is mandatory in the
management of septic patients. The impact of timing in
antibiotic prescription has been shown in several studies [5, 6]
and delayed antimicrobial administration increased the risk of
death in hypotensive patients by 7% for every additional hour
without antibiotics [7]. Also, the treatment must effectively
target the responsible pathogen. Initial administration of an
ineffective antimicrobial against the isolated strain is associated
with prolonged hospital stay and poor prognosis, while
subsequent adjustment of therapy based on antimicrobial
susceptibility had no impact on mortality [8, 9, 10]. Pathogens
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involved in nosocomial infections, such as Pseudomonas
aeruginosa, Acinetobacter baumanii, methicillin-resistant
Staphylococcus aureus (MRSA) and extended spectrum [3-
lactamase (ESBL) producing Gram-negative bacteria (GNB),
are associated with a greater probability of inappropriate
antibiotic therapy [8e, 11]. Empirical treatment should therefore
be directed against all the pathogens potentially involved in the
suspected infection, taking into account patients’ history and
the community/hospital epidemiology. In hospital-acquired
infections, the combination of broad-spectrum {3-lactams, in
association with aminoglycosides and/or glycopeptides, is
recommended [4].

Antibiotic treatment is appropriate not only because it is
in vitro active against the isolated pathogen, given as early
as diagnosis of infection is made and according to the site
of infection, but also because the selected regimen offers
optimal killing drug activity [12]. The importance of an
adequate dose has been highlighted in several studies. In a
controversial meta-analysis of 57 randomized clinical trials
having used broad-spectrum (3-lactams for the treatment of
different infections, a 26% increase in 30-day mortality was
observed for patients treated with cefepime in comparison
with those treated with other molecules [13]. These results
were not determined by differences in patients’ severity,
neutropenia or minimal inhibitory concentrations (MICs)
for the studied drugs. Among all, one of the possible
explanations was that the used regimen of cefepime (ie, 1—
2 g ql2h) could have resulted in insufficient drug
concentrations to achieve clinical efficacy. This hypothesis
was supported by Monte Carlo simulation, based on ESBL
MICs, in which a cefepime regimen of 2 g every 8 h was
sufficient to provide adequate concentrations in nearly 70% of
the strains, while lower dosages (1 g every 12 h or 2 g every
12 h) resulted in only 27% and 50% of therapeutic drug levels,
respectively [14]. Insufficient concentrations may also
explain the high mortality rates associated with infections
due to less susceptible GNB when treated with broad-
spectrum (3-lactams [15, 16¢]. These data emphasize that
therapeutic failure could be related to the low probability of
achieving target serum concentrations, especially if the strain
is susceptible but with high MIC to the drug at the laboratory
testing. These less susceptible pathogens represent the main
therapeutic challenge for clinicians, in terms of appropriate
choice and optimal dosing.

How Can Sepsis Affect Antibiotic Concentrations?

Antimicrobial dosages used in sepsis are derived from
pharmacokinetic (PK) data obtained from healthy volunteers,
or less severely ill patients, without taking into account the PK
changes occurring during sepsis that reduce antibiotics
efficacy [17, 18]. In sepsis, increased cardiac output and

interstitial fluid shifts, associated with increased capillary
leakage, induce a larger volume of distribution (Vd), which
may decrease antibiotic plasma levels [19]. Also, peripheral
effusions, such as in the pleura or the abdomen, the use of
drains or extra-corporeal circuits may further change the
distribution of antibiotics. Decreased protein binding, as
observed with hypoalbuminemia, can result in higher free-
drug concentration and increased total clearance (CL) [20].
In the absence of significant organ dysfunction, this hyper-
dynamic status can also increase renal blood flow and
supranormal creatinine clearance, resulting in elevated
antibiotic elimination, may be observed [21¢]. On the other
hand, organ dysfunction (ie, renal or hepatic) may develop
and contribute to alter drug metabolism and CL, leading to
drug accumulation with possible side effects [19]. In these
situations, renal replacement therapy is often needed and the
additional antibiotic removal must be considered to adapt the
dosing and to maintain therapeutic concentrations [22].
Finally, infections, especially when acquired in the ICU, are
often caused by more resistant pathogens, which require
higher drug concentrations to be treated [23]. All these PK
changes mainly affect hydrophilic compounds, such as
aminoglycosides, 3-lactams and glycopeptides, as they have
a small Vd (limited to extracellular fluids) and are more
likely to be excreted unchanged by the kidney [19]. Thus,
adequate dosing for these drugs should be reconsidered to
avoid underdosing with potentially worse outcome, but also
overdosing with related toxicity.

Pharmacokinetic and Pharmacodynamic Principles
to Optimize Antibiotic Activity

Pharmacokinetics refers to the study of changes in drug
concentrations over time [24¢]. In addition of Vd and CL,
the peak concentration obtained after a single dose (C,ax),
the lowest concentration before the following administra-
tion (C,;,) and the area under the serum concentration time
curve (AUC) are generally calculated to determine the
adequacy of drug levels. Pharmacodynamics (PD) relate
PKs to the ability of antibiotics to kill or inhibit the growth
of micro-organisms [24¢]. The parameter that is used to
quantify the response of a pathogen to an antimicrobial is
the MIC, which represents the antibiotic concentration
resulting in inhibition of visible growth under standard
conditions [25]. Thus, PD parameters include the time that
serum concentrations remain above the MIC (T>MIC), the
ratio of the peak concentration to the MIC (C,,,,,/MIC) or of
the AUC to the MIC (AUC/MIC). Knowledge of the
antibiotic PK/PD properties is essential for selecting the
appropriate regimen [24¢] (Fig. 1). Also, in critically ill
patients, therapy should usually target MIC of problematic
pathogens, such as Enterobacteriaceae and Pseudomonas
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Fig. 1 Pharmacokinetic and pharmacodynamic parameters of (-
lactams, aminoglycosides and glycopeptides on a concentrations vs.
time curve. AUC Area under the curve; Cmax peak concentration
obtained after a single dose; Cmin the lowest concentration before the
following administration; M/C minimal inhibitory concentration

aeruginosa, which are associated with the highest morbidity
and mortality [26, 27].

[3-lactams

In vivo animal studies have demonstrated that (-lactams
have a slow continuous kill characteristic that is almost
entirely related to the time during which serum concen-
trations exceed the MIC (T>MIC) for the infecting
organism [28, 29]. This effect is independent of peak levels
so that, to optimize this PD end-point, 3-lactams regimens
are generally administrated in multiple daily doses [24¢]. In
vitro killing curve studies have shown that (-lactams
killing activity was rapidly saturated at concentrations
corresponding to 4 times the MIC, so that greatly increasing
antibiotic concentrations (ie, above 8 or 16 times the MIC)
did not kill bacteria more rapidly or more extensively [30].
Furthermore, {3-lactams do not exert post antibiotic effects
(PAE, defined as the continued inhibition of bacterial
growth even for drug concentrations below the MIC) on
Streptococcus spp. and GNB, with the exception of
carbapenems and a better control of the infection is
achieved when drug concentrations are maintained above
the MIC for extended period of time [31]. Unfortunately,
there are no data comparing the efficacy of different
therapeutic end-points in the human setting; target (-
lactams concentrations above the MIC as well as the time
concentrations should be maintained above MIC over the
dosing interval remain controversial. In animal models,
maximal bacterial killing was obtained with drug concen-
trations of 4-5 times the MIC; however, higher concen-
trations of 6 times the MIC were necessary to treat some
bacteria, such as P aeroginosa [32]. Microbiological
success, but not clinical cure, was significantly correlated
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with the proportion of the dosing interval when cefepime
concentrations exceeded 4 times the MIC in human infections
[33]. On the other hand, it has been suggested that, in the
absence of any PAE, maximum Kkilling is achieved when
T>MIC approaches 90% to100% of the dosing interval [34].
This may be especially appropriate in patients with compro-
mised host-defences, including critically ill patients [35]. In
76 patients treated with cephalosporins for serious bacterial
infections, patients with T>MIC of 100% had significantly
greater clinical cure and bacteriological eradication than
patients with T>MIC of <100% [36+°]. When the drug has in
vivo PAE, such as for carbapenems, adequate antimicrobial
activity is obtained even when T > 40% to 50% of the dosing
interval [24e, 34]. Clinical studies did not provide further
evidence supporting this strategy, because drug concentra-
tions were not routinely measured, or infections were due to
bacteria with low MICs. Based on these limited data, we
suggest that to deliver optimal (3-lactam treatment for GNB
infections, the concentration of the drug should be above 4
times the MIC for at least 70%, 50% and 40% of the dosing
intervals for cephalosporins, penicillins and carbapenems,
respectively (Table 1) [53].

Aminoglycosides

The Cax/MIC ratio is considered as the parameter that best
characterizes the in vivo exposure of the strain to serum
aminoglycoside concentrations [37, 38]. In a retrospective
study, Cax/MIC between 8 and 10 was the major
determinant for optimal antibacterial activity and clinical
response (Table 1) [39]. Also, target Cmax/MIC ratio
achieved in the early therapy increased the probability of
a rapid therapeutic response for GNB pneumonia [40].
Because of this PD characteristic and a significant PAE, a
single daily administration is the optimal solution to
increase aminoglycoside antibacterial activity [24¢]. Several
studies and meta-analyses have suggested that this regimen
is as effective, if not superior, to multiple daily admin-
istrations and with a lower risk of toxicity [41, 42]. In
addition, this strategy was shown to be associated with a
lower probability to select resistant strains [24¢]. The
prescription of aminoglycosides in critically ill patients is
complex because of the narrow therapeutic index of these
drugs. Potential renal, vestibular and neuromuscular
toxicity can occur in the early or late phase of amino-
glycoside therapy, with a wide spectrum of severity [43].
The risk of renal dysfunction is increased with concom-
itant hypovolemia, preexisting renal disease, nephrotoxics
and advanced age [44]. Cumulative dose, especially when
there are persistent elevated trough concentrations, is also
associated with an increased risk of renal toxicity so that
the monitoring of C,,;, is advocated to minimize drug side
effects [24¢].
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Table 1 Recommended and PK-adjusted regimens for aminoglyco-
sides, broad-spectrum [-lactams and vancomycin. Dosages are
proposed in case of normal renal function and to target less susceptible
strains. Daily regimens of aminoglycosides will depend on the C,,,/

MIC ratio obtained with the previous administrations and on the Cy.
Continuous infusion is applied when drug is administered over 24 h.
Extended infusion is scheduled as 3 to 4-hour administration for
piperacillin and 3-hour administration for meropenem

Recommended Recommended PK target PK adjusted PK adjusted
loading dose daily dose loading dose daily dose
Amikacin 15 mg/kg - Chax/MIC > 8-10 25-30 mg/kg -
Tobramycin 5-7 mg/kg - Chax/MIC > 8-10 89 mg/kg -
Gentamycin 5-7 mg/kg - Chax/MIC > 8-10 89 mg/kg -
Cefepime 2g 2g/8h 70% T > 4 x MIC 2g 6 g CI
Ceftazidime 2g 2 ¢g/8h 70% T > 4 x MIC 2g 6 g CI
Piperacillin 4¢ 4 ¢/6 h 50% T > 4 x MIC 4¢ 4 g q6h ED
Meropenem lg 1g8h 40% T > 4 x MIC lg 1-2 g/8 h ED
Vancomycin 15 mg/kg 15 mg/kg/12 h Chnin > 15-20 pg/mL (II) 35 mg/kgin4h 30-40 mg/kg CI

Cymin > 20-30 pg/mL (CI)

CI continuous infusion; C,,,, peak concentration; // intermittent infusion; M/C minimal inhibitory concentration; 7>MIC time above the MIC.

Glycopeptides

Glycopeptides antibiotics include vancomycin and teico-
planin. Although these two drugs have similar character-
istics, vancomycin is considered the drug of choice in the
therapy of serious Gram-positive (GPB) infections in ICU.
Significant controversy has occurred in recent years regarding
the efficiency by which vancomycin kills GPB and the
potential misuse of the drug [45]. Some in vitro studies
suggested that C,,,,,/MIC ratio correlated with drug efficacy
in non-neutropenic animals [46], while others suggested that
the bactericidal activity of glycopeptides could be driven by
either T>MIC or AUC/MIC [47, 48]. In humans, Moise et al.
[49] reported that an AUC/MIC value >350 was an
independent factor associated with clinical success in patients
with Staphylococcus aureus proven lower respiratory tract
infection. As it may be difficult to obtain multiple serum
vancomycin concentrations to determine the AUC, C.;,
monitoring has been recommended as the most accurate and
practical method to adjust vancomycin regimens [50]. Recent
guidelines suggested a C,;, more than 15-20 pg/mL to
ensure efficacy of the drug (Table 1) [S1e°]. Nevertheless, the
efficacy of vancomycin is limited by the poor penetration
into solid organs, particularly the lung or central nervous
system [45]. Moreover, a significantly higher mortality
rate is associated with MRSA bacteraemia due to strains
with MICs >1 pg/mL, when vancomycin is used [52].
Alternatively to other drugs, such as rifampicin, linezolid
or tigecycline, higher C,,;, >20 pug/mL has been advocated
in these situations [5S1¢*]. An even higher concentration of
vancomycin, up to 40 pg/mL, has been suggested to
optimize drug efficacy for MRSA with MIC >2 pg/mL
[53]. However, when increasing the dose of vancomycin,
toxicity may occur and some studies have shown that drug
levels above 28 png/mL were associated with a greater risk

of renal dysfunction, especially if other potential neph-
rotoxics, such as aminoglycosides or amphotericin, are
coadministered [54].

How to Optimize Antibiotic Administration in Critically
11l Patients

[3-lactams

This class of antibiotics includes penicillins, monobactams,
cephalosporins, and carbapenems, which are active against
most organisms recovered from ICU patients. Studies on
serum concentrations of broad-spectrum [3-lactams have
already reported that drug levels are insufficient in patients
with severe infections to treat less susceptible strains.
Cefepime (2 g taken every 12 h) concentrations were more
than 70% above target concentrations in less than half of
the patients with sepsis [55] and were adequate only for
MICs of 4 ug/mL in post-operative infections [56]. Septic
patients with normal renal function had serum cefepime and
ceftazidime levels below therapeutic levels after a few
hours in most cases [57, 58]. Ceftazidime trough concen-
trations were below the median MIC of Pseudomonas
aeruginosa in more than half of the patients in another
study [59]. In only one study, ceftazidime levels were above
the MIC of the isolated pathogens for more than 90% of the
time interval; however Pseudomonas was isolated in only 4
of 16 patients [60]. Piperacillin concentrations were above
therapeutic levels for most of the time interval in patients
with sepsis [61¢] or nosocomial pneumonia [62]. On the
other hand, serum drug concentrations of meropenem were
adequate in most of the studies in critically ill patients. In
severe infections associated with bacteremia, mostly after
cardiac surgery, meropenem had adequate serum concen-
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trations for at least 50% of the time in patients with normal
and impaired renal function [63]. In patients with ventilator-
associated pneumonia, mean T >4 x MIC for Pseudomonas
was reported as 52% in one study [64] and 46% in another
[65]. Nevertheless, most of these studies excluded severely
ill patients with septic shock and those with multiple organ
failure, limiting the generalization of their results to other
populations of critically ill patients. The number of patients
was also limited and analyses concerned only the steady-
state of the disease. We have recently shown in a
prospective multicenter study that serum levels obtained
after the first dose of either piperacillin-tazobactam,
ceftazidime, or cefepime were insufficient to empirically
treat less susceptible pathogens in the early phase of severe
sepsis and septic shock, as 15/27 patients for piperacillin-
tazobactam, 13/18 for ceftazidime, and 16/19 for cefepime
did not attain the target PD end-point [66°¢]. Nevertheless,
12/16 (75%) of the patients receiving meronem achieved
adequate serum concentrations. Our study focused on a more
severe population of patients, suffering from severe sepsis and
septic shock, with higher mortality and morbidity rates than
less severely ill ICU populations [3]. In another recent
prospective study, (3-lactams levels monitoring was routinely
applied in 236 critically ill patients’ management. Dose
adjustment was required in 175 (74%) of the patients, with
119 of those (50%) requiring dose increases during the early
phase of infection therapy [67¢¢]. The increase of drug
regimens was more frequent for difficult-to-treat pathogens,
such as Pseudomonas aeruginosa, Enterobacter and Klebsi-
ella spp. or MRSA, suggesting again that these represent the
target pathogens for which (3-lactams dose adjustment is
necessary to improve blood drug concentrations. Moreover,
low plasma levels can contribute to lower than expected 3-
lactam concentrations in the extracellular, bronchial or
peritoneal fluid [68—70] with potentially reduced antimicro-
bial delivery to the target tissues. In view of these results, in
the early phase of sepsis, broad-spectrum (3-lactams should
be administered more frequently or in doses larger than
suggested in non-septic patients, with a dramatic increase of
therapy costs. As such, according to population modelling
simulation, continuous or extended (3-lactam infusions are
required to optimize pathogen exposure to bactericidal
concentrations of these drugs (T>MIC) [24¢] (Table 1).
Continuous infusion (CI) of [-lactams rapidly achieved
target concentrations even for less susceptible GNB [71, 72].
However, clinical data that have shown a better outcome
using this strategy have come just from retrospective studies
in critically ill populations with pneumonia [73, 74]. Further
studies are needed to assess the influence on morbidity and
mortality of CI strategy, especially in patients with sepsis and
in infections caused by multiresistant pathogens.
Importantly, over-dosing and toxicity of 3-lactams could
also be a concern when high dosages are used, so that drug
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monitoring is mandatory in this setting [24¢]. In 10% of
ICU patients with renal dysfunction receiving cefepime,
serum drug accumulation occurred despite dosage adjust-
ments and resulted in non-convulsive seizures, disappearing
after drug discontinuation [75¢¢]. Roberts and al. [67e¢]
reported that a dose reduction was applied in 24% of ICU
patients when monitoring was routinely performed. Thus, if
high or CI regimens of (3-lactams are necessary to rapidly
achieve therapeutic drug levels for difficult-to-treat pathogens,
PK abnormalities may change or resolve during time and, in
these later circumstances, dose adjustments are needed.

Aminoglycosides

Aminoglycosides (amikacin, tobramycin and gentamycin)
are often given as part of empiric therapy for severe sepsis
and septic shock, especially if Pseudomonas aeruginosa
infection is suspected. Their use is further supported by the
emergence of multidrug-resistant bacteria and the lack of
new drugs active against these micro-organisms [76]. Meta-
analyses have shown limited and conflicting benefits from
this combination therapy [77, 78]. However, the paucity of
trials including patients with severe sepsis and septic shock
precludes any recommendations in this setting and the
different amikacin doses and regimens used may have lead
to inadequate drug concentrations. C,,, concentration is
determined by the administered dose and by the Vd [24e].
The Vd of aminoglycosides is largely increased in critically
ill patients when compared to healthy volunteers and
patients with mild infections and an association between
sepsis severity, estimated by the APACHE II score, serum
albumin or adrenergic support with aminoglycoside Vd has
been described [79, 80]. Giving recommended aminoglyco-
side regimens, the peaks obtained were largely below the
desired concentrations to treat Pseudomonas aeruginosa
and resistant GNB, suggesting that higher doses of these
drugs should be administered to achieve optimal C,,,, [79,
81]. Most of the studies on aminoglycosides in ICU
patients had potential biases related to limited patient
sample size, retrospective analysis or exclusion criteria,
such as septic shock, APACHE II score >35, liver cirrhosis
or acute renal failure. We have recently shown that a
loading dose of 25 mg/kg of amikacin is necessary to
achieve optimal peak concentrations in a prospective cohort
of septic patients with several co-morbidities, high disease
severity and multiple organ dysfunctions, resulting in an
ICU mortality rate of 40% [82¢¢]. An even higher dose may
be necessary in some patients for whom peak still remains
below the desired level (Table 1). Simulation with a
standard regimen (15 mg/kg) of amikacin resulted in
insufficient peak concentrations in more than 90% of
patients, thus confirming the need to increase amikacin
regimen to optimize C,,,, in septic patients. Assuming the
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threefold to fourfold factor for converting the doses of
amikacin in gentamicin and tobramycin, suggestion for the
use of higher doses were reported for these two aminoglyco-
sides (8-9 mg/kg) in patients with septic shock [83ee, 84];
however, a dose higher than 7 mg/kg has not been
prospectively validated for these drugs.

High regimens need also MIC and C,,;, measurement to
optimize subsequent dosages and avoid drug accumulation.
In case of renal impairment, aminoglycoside CL is reduced
and drug administration should be significantly delayed
[24¢]. If using higher than recommended regimens can
enhance aminoglycoside-related renal dysfunction has not
been studied yet; however, targeting optimal amikacin
peaks resulted in the same incidence of nephrotoxicity
compared with conventional treatment [85], as long as
individualized PK drug dosing was performed to allow a
necessary drug-free period. Moreover, if aminoglycosides
are the only available therapy for pan-resistant pathogens
with high MIC for these drugs, the use of continuous renal
replacement therapy (RRT) could enhance extra-renal clear-
ance of the drug, allow daily drug administration and result in
effective clinical cure for these severe infections [86].

Glycopeptides

Vancomycin is effective against GPB, including Staphylo-
coccus aureus and epidermidis or Enterococcus spp. Higher
than recommended doses of vancomycin were necessary to
optimize drug concentrations and rescue patients from septic
shock due to GPB [87¢]. Also, an increase in daily
vancomycin regimen was necessary to achieve recommended
Chin 1n critically ill trauma patients with MRSA pneumonia
and normal renal function [88¢]. Administration of the
conventional dose of vancomycin (15 mg/kg of body weight
every 12 h) would probably fail to achieve therapeutic drug
concentrations in the majority of critically ill patients [89, 90].
Therefore, a CI with a 30 mg/kg daily dosage has been
proposed to optimize PD vancomycin (Table 1) [90].
However, the question of whether intermittent dosing or CI
is better to improve vancomycin efficacy remains unanswered.
In patients receiving vancomycin for osteomyelitis, there was
a trend to better outcome in those treated with CI than those
with conventional regimens. Also, less adverse drug reactions
necessitating discontinuation of treatment were noticed [91].
Wysocki et al. [92] compared CI and intermittent dosing of
vancomycin in 160 patients with severe MRSA infections and
found no significant differences in clinical efficacy. However,
faster time to achieve target drug concentrations, lower daily
dose and reduced therapy costs were reported for the CI
strategy. Rello et al. [93] suggested a clinical superiority of CI
of vancomycin in a subgroup of patients with ventilator-
associated pneumonia due to MRSA. Finally, a slower onset
of nephrotoxicity in patients receiving vancomycin by CI,

despite similar duration of treatment and cumulative dose than
intermittent regimen, was reported [94]. While all these
potential advantages for CI of vancomycin have been
described, the adequate regimen to rapidly achieve target
concentrations (20-30 pg/mL) in critically ill patients is still
unclear. The need for higher doses of CI vancomycin has been
shown in two studies [95¢e, 96¢¢]; however drug concen-
trations were measured only at steady-state and the adequacy
of this strategy in the first days of treatment remained
unknown. Using Monte Carlo simulation, we found that
higher than recommended loading (35 mg/kg) and daily (30—
40 mg/kg if normal renal function) doses of CI vancomycin
were necessary to achieve therapeutic serum concentrations in
the early phase of sepsis [97¢]. However, this strategy needs
to be prospectively validated and its impact on drug-related
toxicity further determined.

Other Conditions

Acute renal failure is a common complication of sepsis. In
this setting, the use of continuous RRT can further alter the
PK of antibiotics. These PK changes depend on several
variables, such as the ultrafiltrate and dialysate rates,
dialysate concentrations and the type of membrane used,
each of these introducing additional variability in expected
drug concentrations [24¢]. The most recent recommenda-
tions on antibiotic dosing during continuous RRT [22] were
established using evidence from studies including a limited
number of patients, with varying inclusion/exclusion
criteria and receiving different types of RRT. Serum
measurements were usually performed at steady state,
which also limits the extrapolation of results to the early
phase of sepsis, during which patients are often hemody-
namically unstable. Physiologic alterations associated with
increased body weight also affect antibiotic PKs. This is
due to the variable penetration of these drugs into adipose
tissue. Previous studies have recommended dosing weight
correction factors to normalize antimicrobial regimens in
overweight patients with less serious infections, but not
having sepsis [98]. Finally, significant PK alterations have
been also described in burned patients or liver cirrhosis
[24<]. All these situations require drug levels monitoring
and antibiotic dose adjustment.

Conclusions

Monitoring serum antibiotic concentrations is important in
critically ill patients. Drug underdosing is frequent in the
early phase of therapy and when less susceptible strains are
targeted. On the other hand, possible side effects associated
with antibiotic overdosing, including neurological distur-
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bances or renal failure, may occur and need to be avoided.
The intention of this review was not to provide definitive
dose recommendations for broad spectrum (3-lactams,
aminoglycosides and vancomycin.

We underlined that the use of higher than recommended
regimen is necessary to optimize PD properties of these
drugs and potentially improve their clinical efficacy.
Clearly, systematic clinical PK/PD studies are required to
evaluate the beneficial effects of this strategy on the
outcome of septic patients.

Acknowledgments The authors thank the members of their respective
groups for useful discussion and collaboration.

Disclosure Frédérique Jacobs has received grants to support clinical
studies from Astra Zeneca, Wyeth, GSK and Bristol-Myers Squibb,
and has received honorarium for conferences from Astra Zeneca;
Fabio Silvio Taccone has received honorarium for conferences from
Astra Zeneca; Marjorie Beumier; Maya Hites; and Sabino Scolletta
reported no potential conflicts of interest relevant to this article.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

s Of major importance

1. Angus DC, Linde-Zwirble WT, Lidicker J, et al. Epidemiology of
severe sepsis in the United States: Analysis of incidence, outcome,
and associated costs of care. Crit Care Med. 2001;29:1303—-10.

2. Martin GS, Mannino DM, Eaton S, et al. The epidemiology of
sepsis in the United States from 1979 through 2000. N Engl J
Med. 2003;348:1546-54.

3. Vincent JL, Sakr Y, Sprung C, et al. Sepsis in European intensive care
units: results of the SOAP study. Crit Care Med. 2006;34:344-53.

4. Dellinger B, Levy M, Carlet J, et al. Surviving sepsis campaign:
International guidelines for management of severe sepsis and
septic shock. Crit Care Med. 2008;36:296-327.

5. Lin MY, Weinstein RA, Hota B. Delay of active antimicrobial therapy
and mortality among patients with bacteremia: impact of severe
neutropenia. Antimicrob Agents Chemother. 2008;52:3188-94.

6. Chaubey VP Pitout JD, Dalton B, et al. Clinical outcome of
empiric antimicrobial therapy of bacteremia due to extended-
spectrum beta-lactamase producing Escherichia coli and Klebsi-
ella pneumoniae. BMC Res Notes. 2010;3:116.

7. Kumar A, Roberts D. Kenneth, et al.: Duration of hypotension
before administration of effective antimicrobial therapy is the
critical determinant. Crit Care Med. 2006;34:1589-96.

8. » Garnacho-Montero J, Ortiz C, Herrera I, et al.: Mortality and
morbidity attributable to inadequate empirical therapy in patients
admitted to the ICU with sepsis: a matched cohort study. J
Antimicrob Chemother 2008, 61:436-441. This study showed that
inadequate antimicrobial therapy at admission to the ICU with

sepsis is associated with excess mortality and increased length of

stay.

9. Kollef M, Sherman G, Ward S, et al. Inadequate Antimicrobial
treatment of infections: A risk factor for hospital mortality among
critically ill patients. Chest. 1999;115:463-74.

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Harbarth S, Garbino J, Pugin J, et al. Inappropriate initial

antimicrobial therapy and its effect on survival in a clinical trial
of immunomodulating therapy for severe sepsis. Am J Med.
2003;31:3904.

Khollef MH. Inadequate antimicrobial treatment: an important
determinant of outcome for hospitalized patients. Clin Infect Dis.
2000;31 Suppl 4:S131-8.

Kang CI, Kim SH, Kim HB, et al. Pseudomonas aeruginosa
bacteremia: risk factors for mortality and influence of delayed
receipt of effective antimicrobial therapy on clinical outcome. Clin
Infect Dis. 2003;37:745-51.

Yahav D, Paul M, Fraser A, et al. Efficacy and safety of cefepime:
a systematic review and meta-analysis. Lancet Infect Dis.
2007;7:338-48.

Reese AM, Frei CR, Burgess DS. Pharmacodynamics of intermittent
and continuous infusion piperacillin/tazobactam and cefepime
against extended-spectrum beta-lactamase-producing organisms. Int
J Antimicrob Agents. 2005;26:114-9.

Bhat SV, Peleg AY, Lodise Jr TP, et al. Failure of current cefepime
breakpoints to predict clinical outcomes of bacteremia caused by
gram-negative organisms. Antimicrob Agents Chemother.
2007;51:4390-5.

e Tam VH, Gamez EA, Weston JS, et al.: Outcomes of bacteremia
due to Pseudomonas aeruginosa with reduced susceptibility to
piperacillin-tazobactam: implications on the appropriateness of the
resistance breakpoint. Clin Infect Dis 2008, 46:862—7. This study
showed that in Pseudomonas aeruginosa bacteremia due to isolates
with reduced piperacillin-tazobactam susceptibility, empirical therapy
with this drug was associated with increased mortality.

Zaske DE, Sawchuk RJ, Gerding DN, et al. Increased dosage
requirements of gentamicin in burn patients. J Trauma. 1976;16:824-8.
Hassan E, Ober JD. Predicted and measured aminoglycoside
pharmacokinetic parameters in critically ill patients. Antimicrob
Agents Chemother. 1987;31:1855-8.

Pea E Viale B, Furlanut M. Antimicrobial therapy in critically ill
patients: a review of pathophysiological conditions responsible
for altered disposition and pharmacokinetic variability. Clin
Pharmacokinet. 2005;44:1009-34.

MacNamara PJ, Gibaldi M, Stoeckel K. Volume of distribution
terms for a drug (ceftriaxone) exhibiting concentration-dependent
protein binding. Eur J Clin Pharmacol. 1983;25:407-12.

« Udy A, Boots R, Senthuran S, et al.: Augmented creatinine
clearance in traumatic brain injury. Anesth Analg. 2010,
111:1505-10. This study showed that augmented creatinine
clearence was common in ICU patients and may have an impact
of drug elimination.

Trotman RL, Williamson JC, Shoemaker DM, et al. Antibiotic
dosing in critically ill adult patients receiving continuous renal
replacement therapy. Clin Infect Dis. 2005;41:1159-66.

Van Eldere J. Multicentre surveillance of Pseudomonas aerugi-
nosa susceptibility patterns in nosocomial infections. J Antimicrob
Chemother. 2003;51:347-52.

* Roberts JA, Lipman J: Pharmacokinetic issues for antibiotics in
the critically ill patients. Crit Care Med 2009, 37:840-851. This is
an extensive review of pharmacokinetic and pharmacodynamic
issues of antibiotics in ICU patients.

Kiem S, Schentag JJ. Relationship of minimal inhibitory
concentration and bactericidal activity to efficacy of antibiotics
for treatment of ventilator-associated pneumonia. Semin Respir
Crit Care Med. 2006;27:51-67.

Abbo A, Carmeli Y, Navon-Venezia S, et al. Impact of multi-drug-
resistant Acinetobacter baumannii on clinical outcomes. Eur J
Clin Microbiol Infect Dis. 2007;26:793-800.

Shorr AF. Review of studies of the impact on Gram-negative
bacterial resistance on outcomes in the intensive care unit. Crit
Care Med. 2009;37:1463-9.



Curr Infect Dis Rep (2011) 13:406—415

413

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Andes D, Craig WA. In vivo activities of amoxicillin and
amoxicillin-clavulanate against Streptococcus pneumoniae:
application to breakpoint determinations. Antimicrob Agents
Chemother. 1998;42:2375-9.

Mouton JW, Punt N. Use of the t>MIC to choose between
different dosing regimens of beta-lactam antibiotics. J Antimicrob
Chemother. 2001;47:500-1.

Mouton JW, den Hollander JG. Killing of Pseudomonas aeruginosa
during continuous and intermittent infusion of ceftazidime in an
vitro pharmacokinetic model. Antimicrob Agents Chemother.
1994;38:931-6.

Bedeni¢ B, Vranes J, Sviben M, et al. Postantibiotic and post-beta-
lactamase inhibitor effect of carbapenems combined with EDTA
against Pseudomonas aeruginosa strains producing VIM-metallo
beta-lactamases. Chemotherapy. 2008;54:188-93.

Vogelman B, Gudmundsson S, Leggett J, et al. Correlation of
antimicrobial pharmacokinetic parameters with therapeutic efficacy. J
Infect Dis. 1988;158:831-47.

Tam VH, McKinnon PS, Akins RL, et al. Pharmacodynamics of
cefepime in patients with Gram-negative infections. J Antimicrob
Chemother. 2002;50:425-8.

Vogelman B, Craig WA. Kinetic of antimicrobial activity. J Pediatr.
1986;108:835-40.

Nicolau DB, Onyeji CO, Zhong M, et al. Pharmacodynamic assessment
of cefprozil against Streptococcus pneumoniae: implications for
breakpoint determinations. Antimicrob Agents Chemother.
2000;44:1291-5.

* McKinnon PS, Paladino JA, Schentag JJ: Evaluation of area under
the inhibitory curve (AUIC) and time above the minimum inhibitory
concentration (T>MIC) as predictors of outcome for cefepime and
ceftazidime in serious bacterial infections. Int J Antimicrob Agents
2008, 31:345-351. This study has shown for the first time the
relationship between the pharmacodynamic parameter of cepha-
losporins (T>MIC) and outcomes in human infections.

Moore RD, Smith CR, Lietman PS. The association of amino-
glycoside plasma levels with mortality in patients with gram-
negative bacteremia. J Infect Dis. 1984;149:443-8.

Moore RD, Smith CR, Lietman PS. Association of aminoglyco-
side plasma levels with therapeutic outcome in gram-negative
pneumonia. Am J Med. 1984;77:657—62.

Moore RD, Lietman PS, Smith CR. Clinical response to amino-
glycoside therapy: importance of the ratio of peak concentration to
minimal inhibitory concentration. J Infect Dis. 1987;155:93-9.
Kashuba AD, Nafziger AN, Drusano GL, Bertino Jr JS.
Optimizing aminoglycoside therapy for nosocomial pneumonia
caused by gram-negative bacteria. Antimicrob Agents Chemother.
1999;43:623-9.

Ali MZ, Goetz MB. A meta-analysis of the relative efficacy and
toxicity of a single daily dosing versus multiple daily dosing of
aminoglycosides. Clin Infect Dis. 1997;24:796-809.

Bailey TC, Little JR, Littenberg B, et al. A meta-analysis of
extended-interval dosing versus multiple daily dosing of amino-
glycosides. Clin Infect Dis. 1997;24:786-95.

Petrosillo N, Drapeau CM, Agrafiotis M, et al. Some current issues in
the pharmacokinetics/pharmacodynamics of antimicrobial in intensive
care. Minerva Anesthesiol. 2010;76:509-24.

Rybak MJ, Abate BJ, Kang SL, et al. Prospective evaluation of the
effect of an aminoglycoside dosing regimen on rates of observed
nephrotoxicity and ototoxicity. Antimicrob Agents Chemother.
1999;43:1549-55.

Moellering Jr RC. Vancomycin: a 50-year reassessment. Clin
Infect Dis. 2006;42 suppl 1:53—4.

Knudsen JD, Fuursted K, Raber S, et al. Pharmacodynamics of
glycopeptides in the mouse peritonitis model of Streptococcus
pneumoniae and Staphylococcus aureus infection. Antimicrob
Agents Chemother. 2000;44:1247-54.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Larsson AJ, Walker KJ, Raddatz JK, et al. The concentration-
indipendent effect of monoexponential and bioexponential decay
in vancomycin concentrations on the killing of Staphylococcus
aureus under aerobic and anaerobic conditions. J Antimicrob
Chemother. 1996;38:589-97.

Lodwin E, Odenholt I, Cars O. In vitro studies of pharmacodynamic
properties of vancomycin against Staphylococcus aureus and
Staphylococcus epidermidis. Antimicrob Agents Chemother.
1998;42:2739-44.

Moise PA, Forrest A, Bhavnani SM, et al. Area under the
inhibitory curve and a pneumonia scoring system for predicting
outcomes of vancomycin therapy for respiratory infections by
Staphylococcus aureus. Am J Health Syst Pharm. 2000;57 Suppl
2:54-9.

Martin JH, Norris R, Barras M, et al. Therapeutic monitoring of
vancomycin in adult patients: a consensus review of the American
Society of Health-System Pharmacists, the Infectious Diseases
Society of America, and the Society Of Infectious Diseases
Pharmacists. Clin Biochem Rev. 2010;31(1):21-4.

* Rybak MJ, Lomaestro BM, Rotschafer JC, et al.: Vancomycin
therapeutic guidelines: a summary of consensus recommendations
from the infectious diseases Society of America, the American
Society of Health-System Pharmacists, and the Society of
Infectious Diseases Pharmacists. Clin Infect Dis 2009, 49:325-7.
These are guidelines for the use of vancomycin in different Gram-
positive infections, including those due to MRSA.

Sakoulas G, Moise-Broder PA, Schentag J, et al. Relationship of MIC
and bactericidal activity to efficacy of vancomycin for treatment of
methicillin-resistant Staphylococcus aureus bacteremia. J Clin
Microbiol. 2004;42:2398-402.

Panday PN, Sturkenboom M. Continuous infusion of vancomycin
less effective and safe than intermittent infusion, based on
pharmacodynamic and pharmacokinetic principles. Clin Infect
Dis. 2009;49:1964-5.

Vandecasteele SJ, De Vriese AS. Recent changes in vancomycin
use in renal failure. Kidney Int. 2010;77:760—4.

Ambrose PG, Owens Jr RC, Garvey MJ, et al. Pharmacodynamic
considerations in the treatment of moderate to severe pseudomonal
infections with cefepime. J Antimicrob Chemother. 2002;49:445-53.
Ikawa K, Morikawa N, Hayato S, et al. Pharmacokinetic and
pharmacodynamic profiling of cefepime in plasma and peritoneal
fluid of abdominal surgery patients. Int J Antimicrob Agents.
2007;30:270-3.

Lipman J, Gomersall CD, Gin T, et al. Continuous infusion
ceftazidime in intensive care: a randomized controlled trial. J
Antimicrob Chemother. 1999;43:309-11.

Lipman J, Wallis SC, Rickard C. Low plasma cefepime levels in
critically ill septic patients: pharmacokinetic modeling indicates
improved troughs with revised dosing. Antimicrob Agents
Chemother. 1999;43:2559-61.

Young RJ, Lipman J, Gin T, et al. Intermittent bolus dosing of
ceftazidime in critically ill patients. J Antimicrob Chemother.
1997;40:269-73.

Benko AS, Cappelletty DM, Kruse JA, et al. Continuous infusion
versus intermittent administration of ceftazidime in critically ill
patients with suspected gram-negative infections. Antimicrob
Agents Chemother. 1996;40:691-5.

* Roberts JA, Kirkpatrick CM, Roberts MS, et al.: First-dose and
steady-state population pharmacokinetics and pharmacodynamics of
piperacillin by continuous or intermittent dosing in critically ill
patients with sepsis. Int J Antimicrob Agents 2010, 35:156-163. This
study showed that administration of piperacillin by continuous
infusion, with a loading dose, achieved superior pharmacodynamic
targets compared with conventional bolus dosing in septic patients.
Boselli E, Breilh D, Cannesson M, et al. Steady-state plasma and
intrapulmonary concentrations of piperacillin/tazobactam 4 g/0.5 g

@ Springer



414

Curr Infect Dis Rep (2011) 13:406—415

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

administered to critically ill patients with severe nosocomial
pneumonia. Intensive Care Med. 2004;30:976-9.

Kitzes-Cohen R, Farin D, Piva G, et al. Pharmacokinetics and
pharmacodynamics of meropenem in critically ill patients. Int J
Antimicrob Agents. 2002;19:105-10.

de Stoppelaar F Stolk L, van Tiel F et al. Meropenem
pharmacokinetics and pharmacodynamics in patients with
ventilator-associated pneumonia. J Antimicrob Chemother.
2000;46:150-1.

Jaruratanasirikul S, Sriwiriyajan S, Punyo J. Comparison of the
pharmacodynamics of meropenem in patients with ventilator-
associated pneumonia following administration by 3-hour infusion
or bolus injection. Antimicrob Agents Chemother. 2005;49:1337—
9.

e« Taccone FS, Laterre PE, Durgernier T, et al.: Insufficient f3-
lactam concentrations in the early phase of severe sepsis and
septic shock. Critical Care 2010, 14:R126. This study analyzed a
large cohort of septic patients and showed that recommended
doses of cefepime, ceftazidime and piperacillin are insufficient to
provide adequate drug concentrations to treat less susceptible
strains, in the early phase of sepsis.

*s Roberts JA, Ulldemolins M, Roberts MS, et al.: Therapeutic
drug monitoring of beta-lactams in critically ill patients: proof of
concept. Int J Antimicrob Agents 2010, 36:332-339. This study

provided the monitoring of several antibiotics in a large cohort of

ICU septic patients, showing that dose adjustement are necessary
to optimize drug concentrations in most of them.

Zeitlinger MA, Erovic BM, Sauermann R, et al. Plasma concentrations
might lead to overestimation of target site activity of piperacillin in
patients with sepsis. J Antimicrob Chemother. 2005;56:703-8.
Klekner A, Bagyi K, Bognar L, et al. Effectiveness of cephalosporins
in the sputum of patients with nosocomial bronchopneumonia. J Clin
Microbiol. 2006;44:3418-21.

Wise R, Logan M, Cooper M, et al. Meropenem pharmacokinetics
and penetration into an inflammatory exudate. Antimicrob Agents
Chemother. 1990;34:1515-7.

Lipman J, Gomersall CD, Gin T, et al. Continuous infusion of
ceftazidime in intensive care: a randomized clinical trial. J
Antimicrob Chemother. 1999;43:309-11.

Rafati MR, Rouini MR, Mojtahedzadeh M, et al. Clinical efficacy
of continous infusion of piperacillin compared to intermittent
dosing in septic critically ill patients. Int J Antimicrob Agents.
2006;28:122-7.

Lodise Jr TR, Lomaestro B, Drusano GL. Piperacillin-tazobactam
for Pseudomonas aeruginosa infection: clinical implications of an
extended-infusion dosing strategy. Clin Infect Dis. 2007;44:357—
63.

Lorente L, Jimenez A, Palmero S, et al. Comparison of clinical
cure rates in adults with ventilator-associated pneumonia treated
with intravenous ceftazidime administered by continuous or
intermittent infusion: a retrospective, nonrandomized, open-label,
historical chart review. Clin Ther. 2007;29:2433-9.

s Chapuis TM, Giannoni E, Majcherczyk PA, et al.: Prospective
monitoring of cefepime in intensive care unit adult patients. Crit
Care 2010, 14:R51. This study showed that elevated plasma levels
of cefepime were associated with neurological side effects in
critically ill patients.

Falagas ME, Kopterides P Old antibiotics for infections in
critically ill patients. Curr Opin Crit Care. 2007;13:592-7.

Safdar N, Handelsman J, Maki DG. Does combination antimicrobial
therapy reduce mortality in gram-negative bacteraemia? A meta-
analysis. Lancet Infect Dis. 2004;4:519-27.

Paul M, Silbiger I, Grozinsky S, et al.: Beta lactam antibiotic
monotherapy versus beta lactam-aminoglycoside antibiotic
combination therapy for sepsis. Cochrane Database Syst Rev
2006, CD003344.

@ Springer

79.

80.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Marik PE, Havlik I, Monteagudo FS, et al. The pharmacokinetic
of amikacin in critically ill adult and paediatric patients:
comparison of once-versus twice-daily dosing regimens. J Anti-
microb Chemother. 1991;27(Suppl C):81-9.

Lugo-Goytia G, Castaneda-Hernandez G. Bayesian approach to
control of amikacin serum concentrations in critically ill patients
with sepsis. Ann Pharmacother. 2000;34:1389-94.

Beaucaire G, Leroy O, Beuscart C, et al. Clinical and bacterio-
logical efficacy, and practical aspects of amikacin given once daily
for severe infections. J Antimicrob Chemother. 1991;27(Suppl
C):91-103.

+« Taccone FS, Laterre PE, Spapen H, et al.: Revisiting the loading
dose of amikacin for patients with severe sepsis and septic shock.
Critical Care 2010, 14:R53. This study showed that an higher than
recommended loading dose of amikacin was necessary to achieve
optimal peak drug concentrations in septic patients.

¢ Rea RS, Capitano B, Bies R, et al.: Suboptimal aminoglycoside
dosing in critically ill patients. Ther Drug Monit 2008, 30:674—
681. This study suggested that higher aminoglycosides regimens
are necessary to optimize drug pharmacodynamics in ICU
patients.

Buijk SE, Mouton JW, Gyssens IC, et al. Experience with a once-
daily dosing program of aminoglycosides in critically ill patients.
Intensive Care Med. 2002;28:936-42.

Bartal C, Danon A, Schlaeffer F, et al. Pharmacokinetic dosing of
aminoglycosides: a controlled trial. Am J Med. 2003;114:194-8.

Layeux B, Taccone FS, Fagnoul D, et al. Amikacin monotherapy
for sepsis caused by panresistant Pseudomonas aeruginosa.
Antimicrob Agents Chemother. 2010;54:4939-41.

» Vazquez M, Fagiolino P, Boronat A, et al.: Therapeutic drug
monitoring of vancomycin in severe sepsis and septic shock.
Int J Clin Pharmacol Ther 2008, 46:140-145. This study
showed that insufficient vancomycin concentrations were
obtained by conventional regimens in septic patients.

* Patanwala AE, Norris CJ, Nix DE, et al.: Vancomycin dosing for
pneumonia in critically ill trauma patients. J Trauma 2009,
67:802-804. This study showed that insufficient vancomycin
concentrations were obtained by conventional regimens in trauma
patients with pneumonia.

Kitzis MD, Goldstein FW. Monitoring of vancomycin serum levels
for the treatment of staphylococcal infections. Clin Microbiol Infect.
2006;12:92-5.

Pea E Viale P Should the currently recommended twice-daily
dosing still be considered the most appropriate regimen for
treating MRSA ventilator-associated pneumonia with vancomy-
cin? Clin Pharmacokinet. 2008;47:147-52.

Vuagnat A, Stern R, Lotthe A, et al. High dose vancomycin for
osteomyelitis: continuous vs. intermittent infusion. J Clin Pharm
Ther. 2004;29:351-7.

Wysocki M, Delatour E Faurisson F, et al. Continuous versus
intermittent infusion of vancomycin in severe Staphylococcal
infections: prospective multicenter randomized study. Antimicrob
Agents Chemother. 2001;45:2460-7.

Rello J, Sole-Violan J, Sa-Borges M, et al. Pneumonia caused by
methicillin-resistant Staphylococcus aureus treated with glycopeptides.
Crit Care Med. 2005;33:1983-7.

Ingram PR, Lye DC, Fisher DA, et al. Nephrotoxicity of
continuous versus intermittent infusion of vancomycin in outpa-
tient parenteral antimicrobial therapy. Int J Antimicrob Agents.
2009;34:570-4.

e« Pea E Furlanut M, Negri C, et al.: Prospectively validated
dosing nomograms for maximizing the pharmacodynamics of
vancomycin administered by continuous infusion in critically ill
patients. Antimicrob Agents Chemother 2009, 53:1863-7. This
study provided a first normogram to adjust continuous infusion of
vancomycin in critically ill patients.



Curr Infect Dis Rep (2011) 13:406—415

415

96. » Jeurissen A, Sluyts I, Rutsaert R: A higher dose of vancomycin
in continuous infusion is needed in critically ill patients. Int J
Antimicrob Agents 2011, 37:75-7. This study suggested the need
for higher than recommended vancomycin dosage by continuous
infusion in ICU patients.

97. «« Roberts JA, Taccone FS, Udy AA, et al.: Vancomycin dosing in
critically ill patients - robust methods for improved continuous

98.

infusion regimens. Antimicrob Agents Chemother 2011 (Epub
ahead of print). This study provided new propositions to optimize
continuous infusion of vancomycin in septic patients during the
early phase of therapy.

Hanley MJ, Abernethy DR, Greenblatt DJ. Effect of obesity on
the pharmacokinetics of drugs in humans. Clin Pharmacokinet.
2010;49:71-87.

@ Springer



	Appropriate Antibiotic Dosage Levels in the Treatment of Severe Sepsis and Septic Shock
	Abstract
	Introduction: Principles of Antibiotic Prescription for the Critically Ill Patient
	How Can Sepsis Affect Antibiotic Concentrations?
	Pharmacokinetic and Pharmacodynamic Principles to Optimize Antibiotic Activity
	β-lactams
	Aminoglycosides
	Glycopeptides

	How to Optimize Antibiotic Administration in Critically Ill Patients
	β-lactams
	Aminoglycosides
	Glycopeptides

	Other Conditions
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: •Of importance •• Of major importance



