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 CURRENTOPINION Pharmacokinetic/pharmacodynamic considerations
for the optimization of antimicrobial delivery in the
critically ill

Danny Tsai a,b,c, Jeffrey Lipmana,d, and Jason A. Robertsa,d,e,f

Purpose of review
Antimicrobials are very commonly used drugs in the intensive care setting. Extensive research has been
conducted in recent years to describe their pharmacokinetics/pharmacodynamics in order to maximize the
pharmacological benefit and patient outcome. Translating these new findings into clinical practice is
encouraged.

Recent findings
This article will discuss mechanistic data on factors causing changes in antimicrobial pharmacokinetics in
critically ill patients, such as the phenomena of augmented renal clearance as well as the effects of
hypoalbuminemia, renal replacement therapy, and extracorporeal membrane oxygenation. Failure to
achieve clinical cure has been correlated with pharmacokinetics/pharmacodynamics target nonattainment,
and a recent meta-analysis suggests an association between dosing strategies aimed at optimizing
antimicrobial pharmacokinetics/pharmacodynamics with improvement in clinical cure and survival. Novel
dosing strategies including therapeutic drug monitoring are also now being tested to address challenges in
the optimization of antimicrobial pharmacokinetics/pharmacodynamics.

Summary
Optimization of antimicrobial dosing in accordance with pharmacokinetics/pharmacodynamics targets can
improve survival and clinical cure. Dosing regimens for critically ill patients should aim for
pharmacokinetics/pharmacodynamics target attainment by utilizing altered dosing strategies including
adaptive feedback using therapeutic drug monitoring.
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INTRODUCTION
Despite the advancement in the management of
critically ill patients over the past few decades,
severe sepsis and septic shock still remain respon-
sible for persisting high mortality rates for patients
in the ICU. The cornerstone of infection treatment
is initiation of early antimicrobial therapy and
source control of the infection, both of which have
a high likelihood of improving clinical cure and
survival rates [1,2]. There is increasing evidence that
optimization of antimicrobial dosing regimens can
lead to further patient outcome benefits. The aim of
these dosing regimens is to maximize pathogen
killing through application of pharmacokinetic/
pharmacodynamic principles that account for the
significant changes in pharmacokinetic and
pathogen susceptibility that are common to the
critically ill patient. This review will explore the

recent evidence on dose optimization of antimicro-
bials in critically ill patients, as well as provide
dosing recommendations based on these data.
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MAIN TEXT
Critically ill patients experience drastic derange-
ments in their physiological parameters, sub-
sequently impacting on the pharmacokinetics of
antimicrobials. Unfortunately, treatment success

for these drugs is heavily dependent on the drug
concentration achieved at the site of infection, and
thus extensive research has been committed to
further our understanding of the physiological
processes that cause pharmacokinetic changes,
as well as, investigating treatment strategies that
can address and overcome the aforementioned
obstacles.

PHARMACOKINETICS/
PHARMACODYNAMICS OF
ANTIMICROBIALS
In the context of pharmacokinetics/pharmacody-
namics, antimicrobials can be categorized by either
their physicochemical properties (Fig. 1) or patho-
genic kill characteristics (Fig. 2 and Table 1). Under-
standing these characteristics can aid us in
formulating an optimal antimicrobial treatment
regimen for an individual patient.

Time-dependent – pathogenic kill is dependent
on the time the free drug concentration ( f) remains
above the minimum inhibitory concentration
(MIC) during the dosing interval ( fT>MIC).

KEY POINTS

! A recent meta-analysis shows improvement in survival
and clinical cure rates for prolonged infusion
administration of b-lactams when compared with
intermittent boluses.

! Hypoalbuminemia significantly influences free drug
concentration of highly protein bound drugs.

! There is high prevalence of augmented renal clearance
in critically ill patients, which can significantly alter the
pharmacokinetics of renally cleared antimicrobials such
as b-lactams and glycopeptides.

! Therapeutic drug monitoring improves
pharmacokinetics/pharmacodynamics target attainment
for antimicrobials.
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FIGURE 1. Physicochemical properties of antimicrobials, pharmacokinetics of general patients, pharmacokinetics in the
critically ill and sample antimicrobials.
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Concentration-dependent – pathogenic kill is
dependent on the ratio of the maximum-free drug
concentration ( fCmax) to the MIC of the pathogen
( fCmax/MIC).

Concentration-dependent with time-depend-
ence – pathogenic kill is dependent on the free drug
exposure within 24 h relative to the MIC of the
pathogen, and is represented by area under the
concentration-time curve ( fAUC0–24:MIC).

FACTORS IMPACTING
PHARMACOKINETICS/
PHARMACODYNAMICS OF
ANTIMICROBIALS AND THEIR CLINICAL
CONSEQUENCES
Numerous factors alter the pharmacokinetic of anti-
microbials in the critically ill by changing either or
both of the two main pharmacokinetic parameters –
volume of distribution and clearance.
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FIGURE 2. Pharmacokinetic/pharmacodynamics of antimicrobials.

Table 1. Pharmacokinetics/pharmacodynamics of antimicrobials, optimal pharmacodynamics of antimicrobials, sample
antimicrobials, and pathogenic kill targets

Pathogenic kill
characteristics Time-dependent Concentration-dependent

Concentration-dependent
with time-dependence

Optimal PD parameter fT>MIC fCmax/MIC fAUC0–24:MIC

Antimicrobials b-lactams Aminoglycosides Fluoroquinolones

Lincosamide Metronidazole Aminoglycosides

Erythromycin Fluoroquinolones Azithromycin

Clarithromycin Daptomycin Glycopeptides

Linezolid Echinocandins Tigecycline

Flucytosine Polyenes Linezolid

Echinocandins

Triazoles

Pathogenic kill target >40% fT>MIC for carbapenems
>50% fT>MIC for penicillin
>70% fT>MIC for cephalosporins

(Maximal pathogenic kill
activity seen at 4–5xMIC for
some agents)

fCmax>8–10xMIC (Maximal patho-
genic kill activity is often seen
when fCmax>8–10xMIC)

Each antimicrobial is individua-
lized (Dose is the main determi-
nant of achieving maximal
pharmacological efficacy.)

PD, pharmacodynamics; fT>MIC, time of the free drug concentration remains above the minimum inhibitory concentration during the dosing interval; fCmax/MIC,
ratio of the maximum free drug concentration to the minimum inhibitory concentration; fAUC0-24:MIC, free drug exposure within 24 h relative to the minimum
inhibitory concentration; fCmax>8-10xMIC, maximum free drug concentration is greater than 8–10x the minimum inhibitory concentration.
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VOLUME OF DISTRIBUTION AND
CLEARANCE IN THE CRITICALLY ILL
Volume of distribution significantly increases in
critically ill patients mainly due to volume expan-
sion from rigorous fluid resuscitation and the pres-
ence of systemic inflammatory response syndrome
(SIRS), whereby the phenomenon of third spacing
precipitates from capillary leakage. In this circum-
stance, hydrophilic antimicrobials will be diluted
and the pharmacokinetic significantly altered. On
the contrary, pharmacokinetic of lipophilic drugs
are relatively unaffected due to more extensive
intracellular and adipose tissue penetration [3].
The extent of volume expansion is described by
changes in disease severity, with increasing Acute
Physiology and Chronic Health Evaluation II
(APACHE II) and Sequential Organ Failure Assess-
ment scores associated with increased volume of
distribution for hydrophilic antimicrobials [4].
Volume of distribution is also affected by hypoalbu-
minemia, which may have profound effects on
highly albumin bound antimicrobials [5,6], such
as ceftriaxone, cefazolin, flucloxacillin, ertapenem,
teicoplanin, and daptomycin, with protein binding
percentage, approximating, 90, 80, 93, 90, 90, and
92%, respectively. In this scenario, a transient
increase in free drug concentration will be observed,
followed by an increase in volume of distribution
and drug clearance. Furthermore, high variability of
protein binding and free drug concentration is
reported in the critically ill even for lower binding
antimicrobials such as linezolid and vancomycin
(31 and 55%, respectively) [7,8]. Obesity is also a
major contributing factor to subtherapeutic dosing
[9–11].

A decline in clearance is usually caused by end-
organ dysfunction (renal and/or hepatic) [12]. Renal
impairment significantly alters the pharmacoki-
netic of renally clear antimicrobials, in particular
those with higher hydrophilicity and most of the
commonly used antimicrobials in the ICU fall into
this category. On the contrary, reduction for dose or
dosing frequency for hepatically cleared antimicro-
bials is only recommended in the presence of liver
decompensation [13]. Nonetheless, should altered
renal function coexist, revision of dosing regimens
based on the clearance mechanisms of the pre-
scribed antimicrobial is especially necessary [12,13].

A recent multicenter observational study found
that 65% of critically ill patients without a history of
renal impairment will experience augmented renal
clearance (ARC, defined as ‘enhanced renal elimin-
ation of circulating solute’ [14]), and factors corre-
late with its prevalence include male sex, younger
age, multiple-trauma, and ventilation [15&]. Further-
more, many studies have demonstrated higher

antimicrobial clearance in presence of burns, SIRS,
multiple trauma, severe medical illnesses, use of
inotropes, and an increase in cardiac output, which
increases the risk of subtherapeutic drug concen-
tration, and thus, treatment failure [10,16–19]. Udy
et al. [20] have found high creatinine clearance
(CrCl) in the critically ill the greatest predictor of
pharmacokinetic/pharmacodynamic target nonat-
tainment for b-lactams.

Renal replacement therapy (RRT) also increases
antimicrobial clearance (especially b-lactams and
other small molecule, hydrophilic, and low protein
bound antimicrobials) relative to patients with renal
dysfunction. The extent of this extracorporeal clear-
ance varies with different settings of the RRT, RRT
dose, and hemofilters used. A recent meta-analysis
by Jamal et al. [21&] has found effluent flow rate the
strongest predictor of the extent of drug removal
by RRT, which includes vancomycin (rs¼0.90;
P¼0.08), meropenem (rs¼0.43; P¼0.12), and
piperacillin (rs¼0.77; P¼0.10). The large multi-
center SaMpling Antibiotics in Renal Replacement
Therapy study is under progress, which examines
antimicrobial dosing and pharmacokinetics in
patients on RRT (Australian New Zealand Clinical
Trials Registry ACTRN12613000241730). Its result
hopes to provide further information to guide anti-
microbial dosing in patients receiving any form
of RRT.

Studies investigating antimicrobial pharmacoki-
netics for patients on extracorporeal membrane
oxygenation (ECMO) have been mostly performed
on pediatric patients and animals. Although these
data show large variability between studies, higher
volume of distribution, and lower clearance were
generally observed in the ECMO arms. Notwith-
standing these findings, small pharmacokinetic
studies have found no significant pharmacokinetic
differences for vancomycin, piperacillin/tazobac-
tam, and meropenem in adult cohorts [22,23]. Cur-
rently, a multinational study investigating the effect
of ECMO on conventional antimicrobial regimens is
being conducted [24].

EVIDENCE OF FAILURE OF
PHARMACOKINETIC/
PHARMACODYNAMIC TARGET
ATTAINMENT AND ITS CLINICAL
RELEVANCE
Changes in clearance and/or volume of distribution
can lead to a significant decrease in the plasma
drug concentration leading to nonattainment of
pharmacokinetic/pharmacodynamic targets, and
thus a higher treatment failure rate [25–27].
Recent studies have correlated ARC with failure of
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pharmacokinetic/pharmacodynamic target attain-
ment for a number of b-lactams, subsequently
requiring dose escalation [28,29]. The Defining Anti-
biotic Levels in Intensive care unit patients (DALI)
study, amultinational, observational study involving
68 hospitals, assessed b-lactam pharmacokinetic/
pharmacodynamic target attainment in a large
cohort of critically ill patients and found that 16%
of the 361 enrolled patients failed to achieve
50%fT>MIC with conventional therapy, and were
32% less likely to achieve a positive clinical outcome
[30&&].

PHARMACOKINETIC/
PHARMACODYNAMIC TARGET
ATTAINMENT OF ANTIMICROBIAL
CLASSES
Despite confirmation of a relationship between
unsuccessful pharmacokinetic/pharmacodynamic
target attainment and treatment failure, the associ-
ation of pharmacokinetic/pharmacodynamic target
attainment and treatment success is still a subject of
ongoing debate.

b-LACTAM
b-Lactams are the commonest and most extensively
studied antibacterials in ICU. Maximized fT>MIC can
be achieved by extending the infusion time,
although a number of previous studies and meta-
analyses failed to show superior clinical outcome.
Many of the studies used lower doses in the pro-
longed infusion (includes extended and continuous
infusion) arm and had small sample sizes. It has
been shown that T>MIC for a thrice daily meropenem
regimen is similar between 1 g infused over 30 min
and 0.5 g over 3 h [31]. Similar results are found
between a regimen of thrice daily imipenem 1 g
infused over 30 min compared with a four times
daily regimen of 0.5 g over 3 h [32], and thus a
superior outcome would not be anticipated. None-
theless, a number of recently published larger single-
center studies have shown superior clinical outcome
with prolonged infusion [33–36]. A meta-analysis
by Teo et al. [37&&] has also demonstrated improve-
ment in clinical cure with a significant reduction in
mortality (relative risk¼0.66, 95% confidence inter-
val 0.53–0.83) based on a total of 19 studies encom-
passing 1620 hospitalized patients. This important
finding based on the most recent and robust data
challenges some of the previously conducted sys-
tematic reviews [38,39]. Furthermore, Beta-Lactam
Infusion Group study, the largest international mul-
ticenter randomized controlled trial studying the
correlation between prolonged infusion and clinical

outcome for b-lactams will report its results soon
[40], to provide further clarification on this inter-
vention.

GLYCOPEPTIDES
Recent studies suggest that vancomycin-induced
nephrotoxicity is reduced via administration by
continuous infusion (Tafelski et al. 26 versus 35%;
Hanrahan et al. intermittent infusion with higher
risk of nephrotoxicity odds ratio¼8.204, P#0.001)
[41,42]. Continuous infusion is also associated with
earlier pharmacokinetic/pharmacodynamic target
attainment and a lower incidence of subtherapeutic
concentrations [42]. However, the low area under
the drug concentration-time curve (AUC) achieved
in the first 24 h of administration is an independent-
risk factor for treatment failure for methacillin-
resistant Staphylococcus aureus (MRSA) bacteremia
(adjusted odds ratio¼4.39, 95%, confidence inter-
val 1.26–15.35 by E test), and as such a loading dose
is recommended prior to initiation of continuous
infusion [27].

Teicoplanin is slightly different. In a retrospec-
tive pharmacokinetic study, Matsumoto et al.
recommended three loading doses of 11–15 mg/kg
12 h apart for teicoplanin with a target trough con-
centration (Cmin) of 15–30 mg/l [43]. The 11 and
15 mg/kg regimens each achieved a respective Cmin
of 17.5 and 27.8 mg/l after three loading doses. Due
to teicoplanin’s prolonged terminal half-life (T1/2) of
90–157 h, therapeutic drug monitoring (TDM) is
still recommended thereafter. Furthermore, teico-
planin’s high protein binding complicates its phar-
macokinetics/pharmacodynamics because of the
increased free drug concentrations that have been
described in hypoalbuminemia [6]. Studying the
teicoplanin dataset of the DALI-study, Roberts
et al. [6] have found albumin bound percentages
varying between 71 and 97% and free drug Cmin
between 0.1 and 4.5 mg/l (target 1.5–3 mg/l), and
the free drug concentration inversely increases in
proportion to the severity of hypoalbuminemia.

AMINOGLYCOSIDES
Two studies investigating the pharmacokinetics of
25 mg/kg dosing regimen of amikacin in critically ill
patients have found 25–33% of participants failed to
achieve the defined pharmacokinetic/pharmaco-
dynamic target, which was a Cmax greater than
60–64 mg/l [4,44]. The 25 mg/kg dosing regimen
was calculated according to total body weight
(TBW). Neither studyhad anupper limit to theCmax,
nor was toxicity assessed. In the de Montmollin et al.
[44] study, pharmacokinetic/pharmacodynamic
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target nonattainment is correlated with positive 24-h
fluid balance and BMI lower than 25 kg/m2. This
highlights the importance of using adjusted body
weight (ABW) or lean body weight (LBW) especially
in patients with lower BMI.

ECHINOCANDINS
The antifungal dataset from the DALI-study [45]
revealed a significantly lower AUC0–24 for a
100 mg daily regimen of anidulafungin when
compared with the study by Liu et al. (55 versus
93 mg.h/l) [46]. Plasma sampling was obtained for
Liu et al.’s study after 3–7 days (included a 200 mg
loading dose) with the DALI-study having sampling
on various days of therapy. Anidulafungin has a
mean T1/2 of 26.5 h, hence the AUC0–24 may differ
significantly on different dosing days before steady
state is reached. Patients recruited from the Liu
et al.’s study were older and had lesser weight than
the DALI study (mean age and weight 51 versus
60 years, 82 versus 65 kg, respectively), and only
patients with an APACHE II score of less than 25
were recruited, whereas the median score for DALI is
18 (range 15–32).

The DALI-study also found a mean AUC0–24 of
52 mg.h/l for a 70 mg loading dose of caspofungin
compared with 89 mg.h/l reported by Muilwijk et al.
[47] on day 3 after a loading dose of 70 mg followed
by 50 mg daily regimen [45]. For both Muilwijk et al.
[47] and Liu et al.’s [46] studies, the pharmacokinetic
findings are comparable to general patients, and
therefore further studies are warranted to guide
dosing regimens in the critically ill.

TRIAZOLES
The DALI-study found that of the 15 ICU patients
receiving fluconazole regimens (mean daily dose
4.9 mg/kg), 33% did not reach the pharmacoki-
netic/pharmacodynamic index of AUC0–24/MIC
greater than 100 for an MIC of 2 mg/l (breakpoint
for most Candida species) [45]. Fluconazole was
observed to be given commonly as a standard
400 mg daily dose and hence have produced
significantly varied pharmacokinetic in the DALI
study. Weight-based dosing may need to be con-
sidered.

Hypoalbuminemia is also correlated to an
increase in free drug concentration for voriconazole,
and this relationship is more pronounced in the
presence of hyperbilirubinemia [48]. Voriconazole
is, approximately, 56% protein bound and is subject
to saturable hepatic metabolism, monitoring of free
drug concentration may prove to be a useful inter-
vention in later studies.

APPLICATION OF PHARMACOKINETICS/
PHARMACODYNAMICS IN CLINICAL
SETTING
Both subtherapeutic and toxic drug concentrations
may eventuate in unwanted outcomes. Unfortu-
nately, the unpredictability of pharmacokinetics
in this patient group complicates pharmacody-
namic target attainment, leading to the predica-
ment wherein a consistent dosing regimen does
not produce consistent concentrations [49,50&].
Various strategies can be implemented to address
these challenges.

DOSE INDIVIDUALIZATION WITHOUT
THERAPEUTIC DRUG MONITORING
AVAILABILITY
Many ICUs do not have immediate access to a
pathology service with drug assay capability for
antimicrobials other than vancomycin and genta-
micin, although there are an increasing number of
such centers [51].

Loading dose
Timely administration of appropriate antimicrobial
is imperative to ensure early achievement of thera-
peutic concentration [52]. This is commonly
referred to as the bucket theory, in which the bucket
needs to be filled (antimicrobial distribution) before
water leak (clearance) needs to be considered, and
hence the presence of end-organ dysfunction
should not discourage the administration of a load-
ing dose (Fig. 3). Usually, a single conventional dose
is sufficient, exceptions are glycopeptides in which
the change in volume of distribution can be quite
high relative to standard doses. A loading dose up to
twice the conventional dose (vancomycin) or
multiple loading doses (teicoplanin) may be needed.

Maintenance dose
Accurate estimation of glomerular filtration rate
(GFR) is imperative for renally cleared antimicro-
bials. CrCl calculated from 8 to 12 h urine collection
remains the gold standard for clinical practice.
Wherein this is not achievable in a timely manner,
estimated GFR (eGFR) calculated from the Chronic
Kidney Disease Epidemiology Collaboration (CKD-
EPI) formula has been shown to be superior to the
Modified Diet in Renal Diseases and eGFR of
the Cockroft Gault CrCl in the critically ill, albeit
the CKD-EPI eGFR has a tendency to underestimate
the likely value in the presence of ARC [18,53]. TBW
can generally be used for weight-based dosing for
patients with average body weight, with LBW or
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ABW recommended in either extremes of body
weight (exception is vancomycin in which TBW
should be used).

Administration
The administration method of an antimicrobial
should be in accordance with its pathogenic kill
characteristic, maximizing the chance of pharma-
cokinetic/pharmacodynamic target attainment.

Time-dependent antimicrobials – maximizing
fT>MIC is the aim of dosing, especially when the
suspected pathogen is likely to have a high MIC such
as Pseudomonas aeruginosa [34]. This can be achieved
by extending the infusion time to at least 3 h.

Concentration-dependent antimicrobials –
achieving a high Cmax is the aim of dosing and is
mainly achieved by choosing an adequate dose.

Concentration-dependent with time-depend-
ence antimicrobials – administration method is
individualized for each antimicrobial.

Regimen reassessment
Signs of antimicrobial toxicity should be moni-
tored. Antimicrobial doses should be adjusted in

accordance with the MIC of the pathogen cultured.
ARC, third spacing and other inflammatory-related
complications are likely to subside as the patient
clinically improves [50&], and hence review of anti-
microbial regimen is advised daily.

THERAPEUTIC DRUG MONITORING
Various methods of TDM show improvement in
pharmacokinetic/pharmacodynamic target attain-
ment (although their clinical relevance still needs
to be ascertained), for example, one pharmaco-
kinetic study suggests a 100% attainment of
100%fT>MIC if daily TDM is performed for two
studied b-lactams [50&].

Time-dependent antimicrobials – after admin-
istration of a loading dose, subsequent maintenance
doses should be guided by the pharmacokinetic/
pharmacodynamic indices in concert with the
MIC. Attaining a target of 100%fT>MIC is generally
encouraged, wherein the Cmin can guide sub-
sequent doses. For continuous infusions, a random
concentration of at least 4$ MIC is suggested.
Drug assays usually describe the total drug concen-
tration, but only the unbound concentration is of
clinical value (calculated by multiplying the total

Determining the
loading dose is
independent of
determining the
maintenance
dose

*Weight-based
dosing is often
required

Loading dose

Maintenance dose

Large loading dose
required*

Hydrophilic antimicrobials
Small Vd (Vd ≠ by sepsis)

Augmented renal
clearance

↑ Dose

Acute kidney
injury

↓ Dose

Normal renal function

No dose change

Loading dose the same
as conventional dose

Lipophilic antimicrobials
Large Vd (Vd ´ by sepsis)

FIGURE 3. A proposed process for optimizing the dose for a renally cleared antimicrobial in a critically ill patient.
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concentration by 1 less than the binding fraction).
For deep tissue infection, the concentration ratio
between serum and target site should also be
addressed as serum concentrations may in fact not
be sufficiently representative [54].

Concentration-dependent antimicrobials –
achieving a Cmax (obtained 30 min after end of
infusion) greater than 8–10$MIC of suspected
pathogen is the aim of therapy unless if in toxicity.
For example, Cmax greater than 64 mg/l is aimed for
MIC of 8 mg/l. Doses can be adjusted in proportion
to the change in concentration needed.

Concentration-dependent with time-depend-
ence antimicrobials – TDM for each antimicrobial
(e.g., ciprofloxacin, linezolid, and colistin) is differ-
ent and individualized.

CONCLUSION
Optimization of antimicrobial dosing in accordance
with pharmacokinetic/pharmacodynamic indices
can improve survival and clinical cure rates for
critically ill patients. Hence, dosing regimens should
aim to maximize pharmacokinetic/pharmacody-
namic target attainment by utilizing techniques
such as TDM. Further studies may be needed to
assess the clinical relevance of target site-free drug
concentration, antimicrobial pharmacokinetics/
pharmacodynamics in patients on ECMO and RRT.
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