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REVIEW

Therapeutic drug monitoring of anti-infective agents in critically ill patients
Nynke G. L. Jagera, Reinier M. van Hesta, Jeffrey Lipmanb,c, Fabio S. Tacconed and Jason A. Robertsb,c,e

aDepartment of Pharmacy, Academic Medical Center, Amsterdam, The Netherlands; bBurns Trauma and Critical Care Research Centre, The
University of Queensland, Brisbane, Australia; cDepartments of Pharmacy and Intensive Care, Royal Brisbane and Women’s Hospital, Brisbane,
Australia; dDepartment of Intensive Care, Hopital Erasme, Université Libre de Bruxelles (ULB), Brussels, Belgium; eSchool of Pharmacy, The
University of Queensland, Brisbane, Australia

ABSTRACT
Initial adequate anti-infective therapy is associated with significantly improved clinical outcomes for
patients with severe infections. However, in critically ill patients, several pathophysiological and/or
iatrogenic factors may affect the pharmacokinetics of anti-infective agents leading to suboptimal drug
exposure, in particular during the early phase of therapy. Therapeutic drug monitoring (TDM) may assist
to overcome this problem. We discuss the available evidence on the use of TDM in critically ill patient
populations for a number of anti-infective agents, including aminoglycosides, β-lactams, glycopeptides,
antifungals and antivirals. Also, we present the available evidence on the practices of anti-infective TDM
and describe the potential utility of TDM to improve treatment outcome in critically ill patients with
severe infections. For aminoglycosides, glycopeptides and voriconazole, beneficial effects of TDM have
been established on both drug effectiveness and potential side effects. However, for other drugs,
therapeutic ranges need to be further defined to optimize treatment prescription in this setting.
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Introduction

Severe infection is recognized as an important determinant of
outcome for patients at intensive care units (ICU) [1]. Moreover,
the incidence of severe sepsis, defined as an infection associated
with the occurrence of organ dysfunction, is reported to be
increasing [2–4]. Initial appropriate anti-infective therapy is asso-
ciated with significantly improved clinical outcomes [5–7]. Whilst
appropriate anti-infective therapy is mostly defined in terms of
timely commencement of treatment with a spectrum appropri-
ate for the pathogen, adequate exposure also appears to be
highly important [8]. However, achieving these exposures is
challenging, particularly when using standard dosing regimens
that have usually been derived in healthy volunteers or noncri-
tically ill patients. Extrapolating these to critically ill patients may
result in suboptimal exposure, since a variety of pathophysiolo-
gical changes, which may significantly influence serum drug
concentrations, can occur in this population [9].

In view of the diverse and unique pharmacokinetic (PK) profile
of drugs in critically ill patients and the severity of the illness in
these patients, there is a strong rationale to individualize anti-
infective dosing in critically ill patients by use of therapeutic drug
monitoring (TDM). In this article, we aim to critically review the
available evidence supporting anti-infective TDM and to describe
how TDM can be utilized to potentially improve treatment out-
come in critically ill patients with severe infections.

Search strategy

A structured literature search was performed on PubMed (until
January 2016), using the following search MeSH terms: (‘anti-

bacterial agents’ OR ‘antifungal agents’ OR antiviral) AND (‘ther-
apeutic drug monitoring’ OR PK OR pharmacodynamic [PD])
AND (‘critical care’ OR ‘critical illness’ OR ‘care unit, intensive’).

Also, a separate search was performed for each drug or drug
class, for example aminoglycoside AND (PK OR ‘therapeutic drug
monitoring’) AND (‘critically ill’ OR ‘intensive care’). Papers written
in English were reviewed, as well as the references listed in the
relevant articles. The search was limited to data on adult patients.
Studies were deemed eligible when presenting a clinical investi-
gation on adult, critically ill patients where PK and drug exposures
of anti-infective agents were evaluated, in order to reach a pre-
defined target concentration. This structured research yielded 213
articles for aminoglycosides (n = 7 eligible), 117 articles for glyco-
peptides (n = 6 eligible), 284 articles for β-lactams (n = 11 eligible),
77 articles for fluoroquinolones (n = 10 eligible), 40 articles for
colistin (n = 2 eligible), 45 articles for linezolid (n = 6 were eligible),
18 articles for daptomycin (n = 3 eligible), 34 articles for flucona-
zole (n = 3 eligible), 9 articles for itraconazole (n = 1 eligible), 9
articles for posaconazole (n = 1 eligible), 21 articles for voricona-
zole (n = 3 eligible), 10 articles for flucytosine 10 (n = 0 eligible), 6
articles for aciclovir (n = 0 eligible), 3 articles for ganciclovir (n = 1
eligible), and 9 articles for oseltamivir (n = 1 eligible).

PK changes in critically ill patients

Underpinning the need for TDM in critically ill patients is the
variable, and usually suboptimal, anti-infective drug exposure
that can occur in these patients. Indeed, there are several patho-
physiological and/or iatrogenic factors that may affect the PK of
anti-infectives in critically ill patients, summarized in Figure 1.

CONTACT Jason A. Roberts j.roberts2@uq.edu.au

EXPERT REVIEW OF CLINICAL PHARMACOLOGY, 2016
VOL. 9, NO. 7, 961–979
http://dx.doi.org/10.1586/17512433.2016.1172209

© 2016 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com


Impaired drug absorption

The absorption of orally administered drugs into the systemic
circulation is expected to be low in critically ill patients. This is
mainly due to decreased gut motility and poor blood perfu-
sion of the gastrointestinal tract. Also, decreased blood flow to
the peripheries impairs the systemic absorption of intramus-
cularly and subcutaneously administered drugs [9,10]. This
common occurrence supports use of intravenous (IV) admin-
istration of anti-infective agents in most scenarios, particularly
where there is uncertainty about gut function.

Changes in volume of distribution

The pathogenesis of infections in critically ill patients appears
highly complex and involves the release of endotoxins and
exotoxins from bacteria or fungi. These agents may stimulate
the production of various endogenous mediators, which may
cause maldistribution of blood flow, endothelial damage, and
increased capillary permeability. This capillary leakage results
in fluid shifts from the intravascular compartment to the inter-
stitial space; a phenomenon called third spacing [9,11]. As a
result, high volumes of resuscitative fluids and catecholamines
may have to be administered in order to maintain adequate
blood volume and systemic blood pressure [12]. This signifi-
cant expansion of extracellular fluid volume may lead to an
increase in the apparent volume of distribution (Vd) of some
drugs, and thus a lower maximum plasma drug concentration
in a dosing interval. Moreover, the Vd may also be increased in
the presence of mechanical ventilation, extracorporeal circuits,
or in patients with significant burn injuries [13]. The impor-
tance of an increased Vd differs between hydrophilic and
lipophilic drugs. Hydrophilic agents (e.g. aminoglycosides,

glycopeptides, and β-lactams) are distributed exclusively in
the extracellular compartment and the above-mentioned
changes can significantly increase Vd [14]. Lipophilic agents
(e.g. fluoroquinolones) on the other hand, typically have a
larger baseline Vd because of partitioning intracellularly and/
or into adipose tissue, and as such their Vd is not largely
influenced by the fluid shifts described above [9,14].

Changes in protein binding

The free or unbound drug is both the pharmacological active
component as well as the component available for elimina-
tion. In general, total concentration of a drug is measured and
published protein binding values can be used to predict the
unbound drug concentration. However, in approximately 40%
of critically ill patients, hypoalbuminemia occurs [15]. For
drugs highly bound to albumin, such as ceftriaxone, fluclox-
acillin, and daptomycin, this may result in a significantly
increased unbound fraction which means that a subtherapeu-
tic total concentration not necessarily indicates a subthera-
peutic unbound concentration. In patients with adequate or
even augmented clearance, normal respective to low
unbound concentrations may be expected. In most cases,
the measured total concentration will not serve as an ade-
quate surrogate for the free concentration anymore [16].

Changes in drug clearance

During critical illness, there is commonly an increased blood
flow to major organs, due to the effect of fluid loading, use of
vasoactive agents, and the underlying inflammatory response.
As a result, augmented renal clearance (ARC), defined as a
creatinine clearance >130 mL/min, has been reported to occur

Figure 1. Pharmacokinetic changes during critical illness.
Cl = clearance; Vd = volume of distribution.
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in 15–65% of the patients in the ICU [17–19]. Younger patients
with multitrauma, sepsis, traumatic brain injury, and burns are
especially susceptible to ARC [20–22]. On the other hand, with
progression of sepsis, myocardial depression can occur, which
leads to a decrease in organ perfusion and failure of the
microvascular circulation [23]. As a result, abrupt loss of kidney
function, termed acute kidney injury (AKI), can occur.
Moreover, nephrotoxic drugs such as vancomycin, aminogly-
cosides, and furosemide can also decrease renal function [8].
Of note, renal function in critically ill patients can change
significantly, even over a brief period of hours.

Alterations in blood flow also affect hepatic drug metabo-
lism; increased blood flow will lead to increased hepatic meta-
bolism and myocardial depression results in decreased hepatic
metabolism of some drugs. Moreover, hepatic dysfunction can
be caused by infection-related cholestasis, hepatocellular
injury, and liver cirrhosis. Liver failure will not only result in
lower hepatic metabolism and clearance, but will also lead to
decreased protein binding, due to a decreased production of
albumin [24–26].

Extracorporeal clearance

Renal replacement therapy (RRT) is associated with an
increased Vd and clearance of several drugs [27]. For most
hydrophilic agents, which exhibit a low Vd and high clearance
in healthy volunteers, the application of RRT will markedly
increase the extent of elimination, compared with the elimina-
tion observed in moderate to severe AKI. On the contrary,
most lipophilic agents, which usually exhibit a high Vd and
low clearance in healthy volunteers, are expected to be poorly
or moderately cleared by RRT. This is caused by the fact that
only a small fraction of these drugs is present in plasma [28].
However, the impact of extracorporeal clearance on the
patients’ PK varies markedly between patients, since there
are large differences in RRT modalities and settings used
between institutions, and the extent of extracorporeal clear-
ance depends on multiple factors, such as the RRT blood flow
rate, ultrafiltration flow rate, filter or dialyzer material, and/or
surface area [29]. Extracorporeal membrane oxygenation
(ECMO) is a highly invasive intervention that assists critically
ill patients with severe lung and/or heart dysfunction. In ex
vivo studies and neonatal reports, ECMO is described to pos-
sibly cause an increased Vd for certain drugs, and several
drugs can adsorb onto the ECMO tubing and/or oxygenator
[30,31]. However, as with RRT, also the variable characteristics
of ECMO procedures result in large differences in the impact of
ECMO on patients’ PK [32].

Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of a pathogen is
the minimum concentration of the anti-infective agent that
prevents growth of the pathogen over a 24-h interval; the
lower the MIC, the higher is the susceptibility of the pathogen.
The MIC is a critical factor of the PK/PD relationship that
defines the drug exposure necessary to ensure the optimal
drug effectiveness; indeed, the MIC is the denominator for the
potential PK/PD targets and should ideally be measured.

However, when it is not available, local antibiograms,
EUCAST (European Committee on Antimicrobial Susceptibility
Testing) or CLSI (Clinical and Laboratory Standards Institute)
breakpoints can be used as surrogates for the actual MIC. The
observation that MICs of pathogens causing infections in the
ICU are usually higher compared with other clinical settings,
underpins the need for individualized drug dosing to achieve
PK/PD targets [33–35].

TDM

TDM aims at improving clinical outcome by individually
adjusting the dose of a drug based on measured drug con-
centrations in biological fluids (e.g. plasma, serum, urine, sal-
iva, etc.). Several criteria have been defined for rational,
selective TDM. The first step is to consider whether the patient
is on the best drug for his/her disease state and indication.
When the right treatment is chosen for the patient, there are
several criteria to be considered to be able to rationally per-
form TDM [36]. Four of these criteria will be discussed in this
paper, that is (1) a good relationship between drug concen-
tration and pharmacological response, (2) a defined target
concentration range, (3) availability of an accurate and selec-
tive bioanalytical assay with a rapid turnaround time, and (4)
large interindividual variability in PK.

Large interindividual differences in PK of critically ill
patients have been reported for aminoglycosides [37–41], gly-
copeptides [42–46], β-lactams [47,48], fluoroquinolones [49–
52], colistin [53,54], linezolid [49,55–59], daptomycin [60], flu-
conazole [61,62], itraconazole [63], posaconazole [64], vorico-
nazole [65–67], and oseltamivir [68–70]. For flucytosine,
aciclovir, and ganciclovir, no data on PK in critically ill patients
have been reported in the literature. However, for these
agents, the PK in noncritically ill patients have been described
and shown to be highly variable [71–74]. Large interindividual
differences in PK mean that after a one-size-fits-all dose of the
anti-infective drug, a range of exposures is observed that is
wider than the defined target range for that agent, thus caus-
ing underexposure in some critically ill patients, while the
same dose causes overexposure in others.

The other three TDM criteria will be discussed for each of
the anti-infective agents included in this article separately.
Figure 2 shows the PK/PD targets for the different anti-infec-
tive agents. Clinical studies providing relevant data on dose
individualization of anti-infective agents based on drug con-
centration monitoring in critically ill adult patients are shown
in Table 1. Where available, potential TDM target concentra-
tions are provided in Table 2.

Antibiotic agents

Aminoglycosides

Relationship between drug concentration and
pharmacological response
Several in vitro studies have shown that the rate and extent of
bactericidal activity of aminoglycosides is dependent on the
magnitude of aminoglycoside peak concentration (Cmax) to
which a pathogen is exposed, rather than the duration of
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aminoglycoside exposure. In contrast to bactericidal activity,
aminoglycoside-associated nephrotoxicity and ototoxicity are
dependent on the duration of exposure, not the absolute
concentration [98–100]. Further to this, several studies have
suggested that the area under the aminoglycoside serum
concentration–time curve (AUC) is associated with efficacy
and toxicity [98,101].

Defined therapeutic concentration range
Clinical studies have demonstrated a Cmax/MIC ≥ 8–10 to be
associated with a shorter time to clinical response and a
greater probability of clinical cure [77,102,103]. Toxicity is
related to the aminoglycoside trough concentration (Cmin),
thus dosing intervals should be at least 24 h, to allow for
gentamicin and tobramycin concentrations to be <1 mg/L
and amikacin concentrations to be <5 mg/L
[38,77,99,100,104]. Also, for tobramycin and gentamicin, an
AUC0–24 between 70 and 120 mg L/h has been reported to
increase efficacy with minimal toxicity [101].

Availability of a bioanalytical assay
Immunoassays, for the rapid measurement of aminoglycosides
are commercially available, have been validated and are
appropriate for routine daily clinical practice [105].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Aminoglycosides are hydrophilic compounds, and a higher
apparent Vd and altered renal clearance in critically ill patients
have been widely described in the literature [38–41,75–77].
Moreover, a therapeutic range has been defined and TDM has
been shown to benefit treatment outcome [50–52]. AUC tar-
geted TDM using Bayesian adaptive feedback could possibly be
best practice, although is yet to be shown to provide superior
outcomes compared with monitoring peak and trough drug

concentrations. With Bayesian feedback, a priori PK parameters
of a populationmodel are combinedwith the patient’smeasured
drug concentrations, in order to optimize dosing. At this time,
measurement of peak (target ≥ 8–10 × MIC) and trough (tar-
get < 1 mg/L for gentamicin and tobramycin and <5 mg/L for
amikacin) concentrations of aminoglycosides in critically ill
patients is advised, starting from the first dose.

Glycopeptides

Relationship between drug concentration and
pharmacological response
The AUC/MIC is suggested in clinical studies to be the PK–PD
index correlating with the efficacy of vancomycin [106,107].
Also, several reports showed a relation between vancomycin
trough concentrations and nephrotoxicity [108–110]. For tei-
coplanin, the optimal PK–PD has not been defined yet,
although several clinical studies showed a relation between
trough levels and efficacy [111–115].

Defined therapeutic concentration range
For vancomycin, several clinical studies have demonstrated
that a target AUC/MIC ≥ 400–450 is desired to obtain optimal
efficacy [116,117]. Trough levels of 10–15 mg/L have been
suggested to be a surrogate for the AUC/MIC target of
400–450 for the majority of severe infections, although trough
concentrations of 15–20 mg/L are suggested to be needed for
infections caused by a pathogen with a higher MIC, such as
methicillin susceptible Staphylococcus aureus (MRSA) [107].
Also, decreased emergence of vancomycin resistant organisms
has been described when trough concentrations are main-
tained above 10 mg/L [118]. However, AUC > 700 mg L/h
[109] or AUC > 1300 mg L/h [110] are reported to increase
the potential for toxicity. Also, trough concentrations ≥ 15 mg/
L during intermittent infusion [108,119,120] and

Figure 2. Pharmacokinetic/pharmacodynamics indices of anti-infective agents.
AUC = area under the serum concentration time curve; MIC = minimum inhibitory concentration; T = time.
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Table 1. Clinical studies providing relevant data on individualization of dosing anti-infective agents based on drug level monitoring in critically ill adult patients.

Reference Drug PK target Patient population n PK changes
TDM

required?

Suggested
sampling
time

Suggested
dosing

Suggested TDM
target

Rea [75] Gentamicin Tobramycin Cmax/MIC ≥ 10 MICU 102 Vd higher
Cl lower

Yes Cmax 7 mg/kg od Cmax/MIC ≥ 10

Buijk [76] Gentamicin Tobramycin Cmax/MIC ≥ 10
Cmin

Critically ill patients 89 Vd higher
Cl lower

Yes Cmax, Cmin 7 mg/kg od Cmax/MIC ≥ 10
Cmin < 0.5 mg/L

Conil [38] Tobramycin AUC0–24/MIC
80–125

Cmax/MIC ≥ 10
Cmin

ICU patients 49 Vd higher
Cl lower

Yes Cmax, Cmin 5 mg/kg od Cmax > 10 mg/L
Cmin ≤ 1 mg/L

Taccone [39] Amikacin Cmax/MIC 8–10 Patients with severe
sepsis and shock

74 Vd higher Yes Cmax LD ≥ 25 mg/kg Cmax/MIC 8–10

Petejova [40] Gentamicin Cmax/MIC 8–10
Cmin

Septic patients with AKI
on CVVH

7 Vd higher
Cl lower

Yes Cmax, Cmin LD 240 mg Cmax/MIC 8–10
Cmin < 2 mg/L

Roberts AAC
[41]

Gentamicin Cmax/MIC ≥ 10
AUC0–24/MIC

70–120
Cmin

Critically ill patients with
AKI on EDD-f

14 Vd higher
Cl lower

Yes Cmax, Cmin 6 mg/kg/48 h Cmax ≥ 10 mg/L
AUC0–24

70–120 mg h/
L

Cmin < 1 mg/L
Duszynska

[77]
Amikacin Cmax/MIC 8–12

Cmin

Critically ill patients 63 Vd higher
Cl lower

Yes Cmax, Cmin nm Cmax/MIC 8–12
Cmin < 5 mg/L

Van de Vijsel
[42]

Vancomycin AUC0–24/
MIC ≥ 400

Cmin

Critically ill patients
undergoing CVVHD

24 Vd higher
Cl lower

Yes nm CI: 1.5 g LD,
1–1.5 g/24 h

II: 20 mg/kg LD,
15 mg/kg od

Cmin 15–20 mg/L

Roberts [43] Vancomycin AUC0–24/
MIC > 350

Cmin

Critically ill patients with
AKI

10 nm Yes Cmin nm Cmin ≥ 15 mg/L

Jeurissen [44] Vancomycin AUC/MIC ≥ 400 Critically ill patients 20 nm Yes Random LD 1000 mg,
3000 mg/
24 h

Css 25 mg/L

Roberts [45] Teicoplanin Cmin Critically ill patients 13 nm Yes Cmin 6 mg/kg/day Cmin 10–20 mg/L
Pea [78] Teicoplanin Cmin Critically ill patients 202 nm Yes Cmin LD 6 mg/kg/

12 h 3×
Cmin ≥ 10 mg/L

Bellmann [79] Teicoplanin Cmin Critically ill patients on
CVVH

11 nm Yes Cmin nm Cmin 15–25 mg/L

Roberts [43] Meropenem 100%T>MIC Critically ill patients with
AKI

17 nm Yes Cmin nm Cmin > 2 mg/L

Lheureux [26] Meropenem ≥40%T>4–8×MIC Critically ill patients 22 nm Yes Cmax, Cmin nm ≥40%T 8–16 mg/
L

Beumier [80] Meropenem ≥40%T>4–8×MIC Septic patients on CRRT 32 nm Yes Cmax, Cmin 1 g tid ≥40%T > 8 mg/L
Goncalves-

Pereira [81]
Meropenem 100%T>MIC Septic critically ill

patients
15 Similar to healthy

patients
Yes Cmin 1 g tid Cmin > 2 mg/L

Roberts [43] Piperacillin 100%T>MIC Critically ill patients with
AKI

6 nm Yes Cmin nm Cmin > 16 mg/L

Lheureux [26] Piperacillin 50%T>4–8×MIC Critically ill patients with
cirrosis

16 nm Yes Cmax, Cmin nm 50%T
64–128 mg/L

Sime [82] Piperacillin 100%fT>MIC
Cmin/MIC 1–10

Febrile neutropenia
patients

32 nm Yes Cmin nm Cmin 16–160 mg/
L

Beumier [80] Piperacillin ≥50%T>4–8×MIC Septic patients
undergoing CRRT

16 nm Yes Cmax, Cmin 4 g 4dd ≥50%T > 64 mg/
L

Bauer [83] Piperacillin >50%T>4×MIC ICU patients with CRRT 42 Vd higher Yes Cmax, Cmin >9 g/day >50%T > 64 mg/
L

Beumier [80] Ceftazidime or cefepim ≥70%T>4–8×MIC Septic patients
undergoing CRRT

7 nm Yes Cmax, Cmin 2 g tid ≥70%T > 32 mg/
L

Chapuis [84] Cefepime ≥50%T>MIC ICU patients 21 Cl lower Yes nm 2 g bid ≥50%T > 4 mg/L
Spooner [85] Ciprofloxacin AUC0–24/

MIC ≥ 100
Cmax/MIC ≥ 10

Critically ill septic
patients on CVVHDF

7 Cl lower No – 400 mg bid –

Pea [86] Ciprofloxacin AUC0–24/
MIC ≥ 125

Cmax/MIC ≥ 10

Severely ill patients 89 Cl higher Yes Cmax, Cmin >bid 400 mg AUC0–24 ≥ 125
mg h/L

Cmax ≥ 10 mg/L
Szalek [87] Ciprofloxacin AUC0–24/

MIC > 125
Cmax/MIC > 10

Critically ill patients 20 Vd higher
Cl higher

Yes Cmax LD 600 mg Cmax>5 mg/L

Lipman [88] Ciprofloxacin AUC/MIC > 100
Cmax/MIC ≥ 8

Severely septic patients 16 nm No – 400 mg tid –

Furhmann
[89]

Moxifloxacin AUC0–24/
MIC > 30

Cmax/MIC > 10

Patients on CVVHDF 9 Comparable to
healthy subjects

No – 400 mg od –

Roberts [43] Ciprofloxacin AUC0–24/
MIC ≥ 125

Cmin/MIC > 1

Critically ill patients with
AKI

6 nm Yes Cmin nm Cmin > 2 mg/L

Conil [90] Ciprofloxacin AUC0–24/
MIC > 100

Cmax > MIC
8–12

ICU patients with sepsis 70 Vd lower Yes Cmax nm Cmax > 5 mg/L

Pea [46] Levofloxacin AUC/MIC > 125
Cmax/MIC > 12.2

ICU patients with VAP 10 Cl higher No – 500 mg 2dd –

(Continued )
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concentrations above 25–28 mg/L during continuous infusion
[121,122] are shown to be related to a higher risk of nephro-
toxicity. For teicoplanin, trough concentrations of >10 mg/L

are suggested to be associated with efficacy for the majority of
severe infections, although trough concentrations > 20 mg/L
are considered to be needed for MRSA endocarditis and osteo-
myelitis [111–115].

Table 1. (Continued).

Reference Drug PK target Patient population n PK changes
TDM

required?

Suggested
sampling
time

Suggested
dosing

Suggested TDM
target

Rebuck [91] Levofloxacin AUC/
MIC > 125–
250

Cmax/MIC > 10–
12

Critically ill patients 28 Cl lower No – 500 mg 1dd –

Roberts [92] Levofloxacin AUC/MIC > 80 Critically ill patients 18 Comparable to
noncritically ill
patients

No – nm –

Karnik [54] Colistin Cmax/MIC > 8 Critically ill patients 15 Nm No – nm –
Markou [53] Colistin Cmax/MIC 8–10 Critically ill patients 14 Cl lower No – >225 mg bid/tid –
Luque [56] Linezolid AUC0–24/MIC

80–120
Neurosurgical critically ill

patients
11 nm Yes Cmin >600 mg bid AUC0–24 ≥ 80

mg h/L
Zoller [55] Linezolid AUC0–24/MIC

80–120
100%T>MIC

Medical-surgical critically
ill patients

30 nm Yes Cmin nm AUC0–24
200–400
mg h/L

Cmin 2–10 mg/L
Swoboda [57] Linezolid AUC0–24/

MIC > 100
85%T>MIC

Septic patients 15 Vd higher
Cl higher

Yes nm nm 85%T > 4 mg/L
AUC0–24 > 400

mg h/L
Roger [49] Linezolid AUC0–24/

MIC ≥ 80
Critically ill patients on

CVVHD or CVVHDF
13 nm Yes nm >600 mg bid AUC0–24 ≥ 160

mg h/L
Dong [59] Linezolid 85%T>MIC

AUC0–24/MIC
80–120

Severely ill ICU patients 8 nm Yes nm 600 mg bid 85%T>MIC
AUC0–24/MIC

80–120
Whitehouse

[93]
Linezolid 85%T>MIC

AUC0–24/
MIC > 100

ICU patients 28 nm No nm 600 mg bid 85%T > 4 mg/L
AUC0–24 > 400

mg h/L
Reiber [60] Daptomycin Cmin ICU patients 86 nm Yes Cmin nm Cmin < 25 mg/L
Wenisch [94] Daptomycin Cmin

Cmax

Critically ill patients on
CVVHDF

9 nm Yes Cmax, Cmin 8 mg/kg/48 h Cmin < 25 mg/L
Cmax > 100 mg/L

Vilay [95] Daptomycin Cmin < 10 mg/L
Cmax > 100 mg/

L
AUC0–24

500 mg h/L

Critically ill patients on
CVVHDF

8 Vd higher No – 8 mg/kg/48 h –

Yagasaki [96] Fluconazole 100%T>MIC
Cmin > 10 mg/L

Critically ill patients on
CHDF

4 Cl higher No – 500–600 mg bid –

Buijk [61] Fluconazole AUC/MIC 12–25 Critically ill patients with
GI surgery

14 Cl lower No – 400 mg od –

Sinnollareddy
[62]

Fluconazole fAUC0–24/
MIC ≥ 100

ICU patients 15 nm No – nm –

Hagihara [63] Itraconazole AUC0–24/
MIC ≥ 25

Cmin ≥ 0.5 mg/L

ICU patients 10 nm Yes Cmin 200 mg/24 h AUC0–24/
MIC ≥ 25

Ray [64] Posaconazole Cmin Critically ill patients 27 Absorption lower Yes Cmin nm Cmin > 0.25 mg/L
(prophylaxis)

Cmin > 0.7 mg/L
(treatment)

Myrianthefs
[65]

Voriconazole 100%T>MIC Critically ill patients 18 nm Yes Cmin nm Cmin 1–5.5 mg/L

Radej [66] Voriconazole Cmin Critically ill patients on
CVVH

6 nm Yes Cmin 4 mg/kg/12 h Cmin 1–5.5 mg/L

Wang [67] Voriconazole Cmin Patients with invasive
fungal infections

15 nm Yes Cmin nm Cmin 1–5 mg/L

Horvatits [73] Ganciclovir AUC 50 mg h/L
Cmin 2 mg/L

Critically ill patients on
CVVHDF

9 nm No – 2.5 mg/kg –

Lemaitre [97] Oseltamivir Cmin Critically ill patients on
ECMO and/or CVVHDF

7 ECMO: comparable
to healthy
subjects

Yes Cmin 150 mg bid Cmin

100–200 mg/L

CVVHDF: lower Cl

AKI: Acute kidney injury; AUC: area under the plasma concentration–time curve; BID: two times a day; CAPD: continuous ambulatory peritoneal dialysis;
Cmax: maximum plasma drug concentration; Cmin: minimum plasma drug concentration; CHDF: continuous hemodiafiltration; Cl: clearance; CVVHD: continuous
venovenous hemodialysis; CVVHDF: continuous venovenous hemodiafiltration; CRRT: continuous renal replacement therapy; ECMO: extracorporeal membrane
oxygenation; EDD-f: extended daily diafiltration; GI: gastro-intestinal; HD: hemodialysis; ICU: intensive care unit; nm: not mentioned; OD: once daily; TID: three
times a day; VAP: ventilator-associated pneumonia; Vd: volume of distribution; QID: four times a day; MIC: minimum inhibitory concentration.
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Availability of a bioanalytical assay
Immunoassays are commercially available, have been vali-
dated, and are found to be suitable for daily clinical TDM [123].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Glycopeptides are hydrophilic compounds, and a higher
apparent Vd and altered renal clearance in critically ill patients
have been described in the literature [42]. Moreover, for van-
comycin, TDM has been shown to benefit treatment outcome
[124]. Individual dosing based on measured trough concentra-
tions as a practical surrogate marker for AUC can be applied in
critically ill patients, although AUC estimation (target AUC/
MIC ≥ 400) with the aid of Bayesian feedback may be prefer-
able [125]. Target for intermittent dosing is Cmin 10–15 mg/L
for vancomycin and Cmin > 10 mg/L for teicoplanin, although
when higher MICs are expected or observed, such as MRSA,
the Cmin target is 15–20 mg/L for vancomycin and >20 mg/L
for teicoplanin. For continuous infusion, the target concentra-
tion for vancomycin is 15–25 mg/L. A loading dose should be
given to critically ill patients, and samples should be taken
from the first maintenance dose. Sampling should be repeated
frequently (at least twice a week), especially when changes in
organ function occur.

β-lactams

Relationship between drug concentration and
pharmacological response
The effectiveness of β-lactam antibiotics (penicillins, cepha-
losporins, carbapenems, and monobactams) in clinical stu-
dies is suggested to be time dependent: it depends mainly
on the duration of the presence of the agent at a concen-
tration superior to the target pathogen’s MIC, T>MIC, or the
concentration of the unbound drug over MIC, fT>MIC

[47,126,127].

Defined therapeutic concentration range
In vitro and in vivo animal studies have demonstrated that
the β-lactam concentration should be maintained above the
MIC between 40% and 70% of the dosing interval [128].
However, several studies in critically ill patients showed
higher targets for clinical response; 75%T>MIC for merope-
nem [129], 100%T>MIC for cefepime and ceftazidime [130],
and 100%fT>MIC for amoxicillin, ampicillin, cefazolin, cefe-
pime, ceftriaxone, doripenem, meropenem, and piperacillin
[47,131]. For meropenem, piperacillin, ceftazidime, and cefe-
pime, Cmin/MIC > 8 was associated with neurological dete-
rioration in one retrospective study in critically ill septic
patients [132].

Table 2. Summary of PK/PD indices associated with efficacy and toxicity and suggested targets for therapeutic drug monitoring.

Anti-infective PK/PD index PK/PD threshold for effectiveness PK/PD threshold for toxicity Analytical assay

Aminoglycosides Cmax/MIC Cmax/MIC ≥ 8–10 Gentamicin, tobramycin: Cmin > 1 mg/L
Amikacin: Cmin > 5 mg/L

Immunoassay

Glycopeptides AUC/MIC Vancomycin:
AUC/MIC ≥ 400
II: Cmin 10–15 mg/L
II, higher MICs: Cmin 15–20 mg/L
CI: C = 20–25 mg/L
Teicoplanin:
II: Cmin > 10 mg/L
II, higher MICs: Cmin > 20 mg/L

Vancomycin:
II: Cmin > 20 mg/L
CI: C > 25 mg/L

Immunoassay

β-lactams T>MIC 100%fT>MIC Not clearly defined LC–MS/MS
Fluoroquinolones AUC/MIC

Cmax/MIC
Ciprofloxacin: Cmax/MIC 8–10
Levofloxacin: Cmax/MIC ≥ 12

Not clearly defined HPLC–UV

Colistin AUC/MIC Not clearly defined Cmin > 2.4 mg/L LC–MS/MS
Linezolid AUC/MIC

T>MIC
Cmin > 2 mg/L Cmin > 6 mg/L HPLC–UV

LC–MS/MS
Daptomycin AUC/MIC

Cmax/MIC
Cmax > 100 mg/L Cmin > 25 mg/L HPLC–UV

LC–MS/MS
Fluconazole AUC/MIC Not clearly defined Not clearly defined HPLC–UV

LC–MS/MS
Itraconazole AUC/MIC Prophylaxis: Cmin > 0.5 mg/L

Treatment: Cmin > 1.0 mg/L
Not clearly defined HPLC–UV

LC–MS/MS
Posaconazole AUC/MIC Prophylaxis: Cmin > 0.7 mg/L

Treatment: Cmin > 1.0 mg/L
Not clearly defined HPLC–UV

LC–MS/MS
Voriconazole AUC/MIC Cmin > 2 mg/L Cmin > 6 mg/L HPLC–UV

LC–MS/MS
Flucytosine T>MIC II: Cmin > 25 mg/L

CI: C = 50 mg/L
II: Cmax 50–100 mg/L
CI: C = 50 mg/L

HPLC–UV

Aciclovir Not clearly defined Not clearly defined Not clearly defined Immunoassay
HPLC–UV
LC–MS/MS

Ganciclovir Not clearly defined Not clearly defined Not clearly defined Immunoassay
HPLC–UV
LC–MS/MS

Oseltamivir AUC/MIC Not clearly defined Not clearly defined HPLC–UV
LC–MS/MS

II: Intermittent infusion; CI: continuous infusion; C: concentration; Cmax: peak concentration; Cmin: trough concentration.
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Availability of a bioanalytical assay
Available assays for the measurement of β-lactams include
bioassay, HPLC–UV, and LC–MS/MS [105,128,133].

Use of TDM to potentially improve treatment outcome in
critically ill patients
β-lactams are hydrophilic compounds, and a higher Vd in
critically ill patients compared to healthy subjects has been
described in the literature [47,83,134]. Also, ARC [135,136] and
decreased renal and hepatic clearance [84,132] of β-lactams is
described in critically ill patients. Some β-lactams (e.g. ceftriax-
one and flucloxacillin) are highly protein bound (>80%), so for
these agents the free concentration rather than the total con-
centration should be measured. TDM should be applied in
critically ill patients treated with β-lactams, where 100%
fT>MIC should be used as a target. Trough serum samples
should be obtained 24–48 h after onset of treatment, unless
Bayesian adaptive feedback is available, in which case sam-
pling from the first dosing interval can be performed in most
cases.

Fluoroquinolones

Relationship between drug concentration and
pharmacological response
Fluoroquinolones display concentration-dependent kill char-
acteristics [137]. For ciprofloxacin and levofloxacin, Cmax/MIC
and AUC/MIC have been associated with clinical and micro-
biological cure in critically ill patients [138,139].

Defined therapeutic concentration range
Several clinical studies have suggested that achieving a Cmax/
MIC ≥ 8–10 or AUC0–24/MIC > 125–250 for ciprofloxacin is
associated with a successful clinical treatment of infections
caused by Gram-negative pathogens [103,139,140]. Also, sub-
optimal drug exposure of ciprofloxacin; AUC0–24/MIC < 100, is
associated with development of antimicrobial resistance of
Gram-negative pathogens [141]. For infections caused by
Gram-positive pathogens, AUC0–24/MIC > 30–40 is suggested
as a target [142]. The need to reduce ciprofloxacin dose to
avoid toxicity is still under debate [127]. For levofloxacin,
achieving Cmax/MIC ≥ 12 has been shown to be associated
with successful clinical and microbiological outcomes [143].

Availability of a bioanalytical assay
Several laboratories have developed and validated HPLC–UV
assays for fluoroquinolone TDM [105].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Fluoroquinolones are lipophilic agents and fluid shifts in criti-
cally ill patients will have minimal effect on the Vd of these
agents [92]. However, since PK of ciprofloxacin are shown to
be difficult to predict in critically ill patients and there is a
substantial risk of resistance, TDM should be applied in criti-
cally ill patients treated with ciprofloxacin. AUC targeted TDM
using Bayesian adaptive feedback is likely to be best practice,
although is yet to be shown to provide superior outcomes

compared with monitoring peak drug concentrations.
Therefore, at this time, it is advised to measure peak serum
concentrations after 24 h, with a target of Cmax/MIC 8–10. For
levofloxacin, PK of critically ill patients are shown to be com-
parable to PK in noncritically ill patients. Renal clearance was
shown to be the most important descriptor of levofloxacin
clearance and can therefore be used to individualize levoflox-
acin dosing [92].

Colistin

Relationship between drug concentration and
pharmacological response
Colistin is thought to have predominantly concentration-
dependent bactericidal activity [144,145]. A prospective clin-
ical trial has identified trough concentrations to be predictive
of nephrotoxicity [146].

Defined therapeutic concentration range
In vitro studies have correlated AUC0–24/MIC > 7–23 with
maximum bacterial killing [144,145,147]. No clinical studies
investigating a therapeutic range have been published yet.
Trough levels above 2.4 mg/L were associated with a higher
risk of AKI [146].

Availability of a bioanalytical assay
Colistin is a complex mixture of at least 30 different compo-
nents. Available assays for the measurement of colistin include
bioassay, HPLC–UV, and LC–MS/MS, although these assays
don’t all measure the same components of the colistin mixture
(usually colistin A and B), complicating the exchange of mea-
sured concentrations [148].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Colistin is hydrophilic and therefore there may be a substantial
effect of possible changes in Vd and augmented or decreased
renal clearance on drug concentrations in critically ill patients.
Given the PK variability of colistin, TDM may be beneficial,
although it is difficult to make strong recommendations
before a clear target exposure is defined and validated. Until
then, individual dose recommendations could be based on
creatinine clearance [54,149].

Linezolid

Relationship between drug concentration and
pharmacological response
In human studies, clinical and microbiological cure is asso-
ciated with AUC/MIC and T>MIC [58].

Defined therapeutic concentration range
In seriously ill patients, higher efficacy rates were observed
when the T>MIC was ≥85% and the AUC0–24/MIC was in the
range of 80–120 [58]. Furthermore, maintaining Cmin between
2 and 6 mg/L is suggested to be helpful in retaining appro-
priate efficacy and avoiding the associated thrombocytopenia
[150,151].
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Availability of a bioanalytical assay
There is no commercially available assay for the quantification
of linezolid. Only a few laboratories use custom-made HPLC–
UV or LC–MS/MS methods [55].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Linezolid is a hydrophilic compound, and therefore, there may
be an increased Vd and augmented or decreased clearance on
drug concentrations in critically ill patients. Indeed, unpredict-
able PK have been described for linezolid in critically ill
patients. It seems reasonable to perform TDM in patients
with a high risk of altered PK, such as critically ill patients
with sepsis, burns, organ failure or critically ill patients using
concomitant medication known to influence the linezolid con-
centration, such as rifampicin. For practical reasons, the sug-
gested sampling time is after approximately 3 days, just before
the next dose (target Cmin 2–6 mg/L), although a Bayesian
adaptive feedback approach could allow earlier measurement
and dose optimization.

Daptomycin

Relationship between drug concentration and
pharmacological response
In preclinical studies, the bactericidal effect of daptomycin is
associated with AUC/MIC and Cmax/MIC [152,153].

Defined therapeutic concentration range
Preclinical studies have shown that bactericidal activity was
established at AUC0–24/MIC 38–442 [152,154], a small patient
cohort study reported a higher efficacy when AUC0–24/
MIC > 666 [155]. In vitro, AUC0–24/MIC ≥ 200 was related
with resistance suppression [156]. Also, an in vitro Cmax/MIC
of 12–94 was suggested to be associated with an optimal
bacteriostatic effect [152]. A clinical trial demonstrated that a
trough concentration of >24.3 mg/L was associated with an
increased probability of creatine phosphokinase eleva-
tion [157].

Availability of a bioanalytical assay
There is no commercially available assay for the quantification
of daptomycin; however, several HPLC–UV and LC–MS/MS
assays have been published for quantification of daptomycin
[158–160].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Daptomycin is a hydrophilic compound, and a higher Vd in
critically ill patients compared to healthy subjects has been
described in the literature [161]. Also, augmented or
decreased renal clearance of daptomycin is to be expected
in critically ill patients. Given the PK variability of daptomycin,
TDM may be beneficial, although it is difficult to make strong
recommendations before a clear target exposure is defined
and validated. However, it seems reasonable to perform TDM
in patients at high risk of altered PK, such as critically ill
patients with sepsis, burns, or organ failure. The suggested

sampling times are Cmax (target > 100 mg/L, this is the Cmax

observed in noncritically ill patients treated with 6 mg/kg
daptomycin [95]) and Cmin (target < 25 mg/L), starting after
the first dose.

Since daptomycin is highly protein bound (90%), the
unbound fraction in patients with hypoalbuminemia will be
substantially higher, meaning that a subtherapeutic total con-
centration not necessarily indicates a subtherapeutic unbound
concentration.

Antifungal agents

Fluconazole

Relationship between drug concentration and
pharmacological response
Animal studies have shown that fluconazole exhibits concen-
tration- and time-dependent antifungal activity. In line with
this, the AUC/MIC is considered the predictive PK/PD index
associated with maximal fungal killing [162,163].

Defined therapeutic concentration range
An AUC0–24/MIC near 25 has been shown to be associated
with optimal cure rate in animal models of invasive candidiasis
[163]. In clinical studies, an AUC0–24/MIC between 11.5 and 55
was shown to be associated with decreased patient mortality
[164,165]. Moreover, the AUC is shown to be highly correlated
to dose and dose/MIC > 100 was suggested to be associated
with clinical outcome [166].

Availability of a bioanalytical assay
There are several microbiological as well as chromatographic
methods described in the literature [167]. However, the results
of a 5-year international proficiency program showed that 12%
of the analyses lie outside the predefined acceptable range for
accuracy. These results emphasize the need to further improve
the analytical methods for antifungal TDM in clinical
care [168].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Fluconazole is a hydrophilic compound, and an increased Vd
of fluconazole in critically ill patients has been described in the
literature [169]. Also, augmented as well as decreased renal
clearance of fluconazole has been demonstrated in critically ill
patients [61,96]. Given the wide therapeutic index and safety
profile of fluconazole, routine TDM is not recommended at
this time. However, dosing should be adapted to renal
function.

Itraconazole

Relationship between drug concentration and
pharmacological response
Several in vitro studies have demonstrated that itraconazole
exhibits concentration-dependent antifungal activity
[170,171]. An animal model of invasive pulmonary aspergillosis
demonstrated a significant PD relationship between itracona-
zole peak plasma concentrations and antifungal activity [172].
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A clinical trial performed in neutropenic patients showed a
relationship between itraconazole trough levels and prophy-
lactic effect [173].

Defined therapeutic concentration range
A trough concentration of ≥0.25–0.5 mg/L is associated with
effective antifungal prophylaxis in neutropenic patients
[173,174].

Availability of a bioanalytical assay
Itraconazole can be analyzed by microbiological as well as
chromatographic methods [167,175]. However, the results of
these assays are demonstrated to be discordant, since the
bioassay simultaneously detects itraconazole and its active
metabolite resulting in a 2–10 times higher analyzed itracona-
zole level than those obtained by chromatographic methods
[176]. Moreover, the results of a 5-year international profi-
ciency program showed that 22% of the analyses lie outside
the predefined acceptable range for accuracy. These results
emphasize the need to further improve the analytical methods
for antifungal TDM in clinical care [168].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Itraconazole is a lipophilic compound; no alterations in Vd are
expected in critically ill patients. The optimal PK/PD target for
itraconazole is not determined yet; however, trough concen-
trations are suggested to be related to efficacy. Therefore, it
seems reasonable to perform TDM in critically ill patients,
especially when concomitant medication known to influence
the itraconazole concentration, such as CYP3A4 inhibitors or
inducers, is administered. Target trough concentrations are
>0.5 mg/L for prophylaxis and >1 mg/L for treatment. This
concentration should be analyzed using a chromatographic
method. Since itraconazole is highly protein bound (99%), the
altered unbound fraction in patients with hypoalbuminemia
should be considered when interpreting measured total
concentrations.

Posaconazole

Relationship between drug concentration and
pharmacological response
Several in vitro and animal studies have shown that AUC/MIC
is the PK/PD index related to the fungistatic effect of posaco-
nazole [177]. Also, several clinical trials have demonstrated a
relationship between posaconazole trough concentrations and
efficacy of prophylaxis and treatment of invasive fungal infec-
tions [178–182].

Defined therapeutic concentration range
Several clinical studies have reported a concentration–
response relationship between posaconazole plasma trough
concentrations and the risk of breakthrough infections, where
Cmin > 0.5 or 0.7 mg/L is suggested to result in optimal
prophylactic efficacy [178–182]. For the treatment of invasive
aspergillosis, a target trough concentration of >1 mg/L is
suggested [178,183]. There appears to be no relationship
between posaconazole concentrations and toxicity [178].

Availability of a bioanalytical assay
There are several microbiological as well as chromatographic
methods described in the literature [167,175]. However, the
results of a 5-year international proficiency program showed
that 25% of the analyses lie outside the predefined acceptable
range. These results emphasize the need to further improve
the analytical methods for antifungal TDM in clinical
care [168].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Posaconazole is a lipophilic compound and therefore no
alterations in Vd are expected in critically ill patients. Routine
TDM is advised during treatment and also prophylaxis of
critically ill patients with posaconazole, in order to improve
efficacy, since exposure–response relationships have been
demonstrated, fixed dose regimens have shown to result in
suboptimal exposure and fungal infections can be life-threa-
tening, especially for critically ill patients. Target trough con-
centrations are >0.7 mg/L for prophylaxis and >1 mg/L for
treatment. Since posaconazole is highly protein bound (98%),
the altered unbound fraction in patients with hypoalbumine-
mia should be considered when interpreting measured total
concentrations. Trough samples should be taken after about
5–7 days, which might have implications for the timely opti-
mization of therapy. An alternative would be to obtain a
trough sample after 2 days of treatment, using 0.35 mg/L as
an interim target [178]. The recent availability of tablet and IV
formulations, which provide far superior bioavailability com-
pared with the liquid formulation, suggests that underdosing
will be less common with the new formulations.

Voriconazole

Relationship between drug concentration and
pharmacological response
Several in vitro and animal studies have shown that AUC/MIC
is the PK/PD index related to the fungistatic effect of vorico-
nazole [177]. Also, several retrospective studies have identified
a relationship between voriconazole trough concentrations
and clinical outcome during prophylaxis [184] and treatment
[185–188]. Moreover, several prospective clinical trials showed
an association between plasma trough concentrations and
efficacy and toxicity during treatment of invasive fungal infec-
tions [189–191].

Defined therapeutic concentration range
Retrospective clinical studies have shown that trough concen-
trations ≥ 1.7–2.0 mg/L were associated with optimal clinical
response in treatment of invasive fungal infections [185–
188,192]. Prospective studies have identified plasma trough
concentrations ≥ 1.0–1.5 mg/L to be associated with a higher
probability of a favorable response [189–191]. A retrospective
clinical trial showed that patients on prophylactic therapy with
voriconazole who had voriconazole concentrations > 2 mg/L
had a lower risk of obtaining an invasive fungal infection [184].
Trough concentrations ≥ 4.5–6 mg/L have been associated
with higher risk of voriconazole-associated neurotoxicity
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(visual and auditory hallucinations, encephalopathy) and ele-
vation of hepatic enzymes [185,187,189–192].

Availability of a bioanalytical assay
There are several microbiological as well as chromato-
graphic methods described in the literature [167,175].
However, the results of a 5-year international proficiency
program showed that 14% of the analyses lie outside the
predefined acceptable range. These results emphasize the
need to further improve the analytical methods for antifun-
gal TDM in clinical care [168].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Voriconazole is a lipophilic compound and PK of voriconazole
in critically ill patients have been shown to be comparable to
the PK of voriconazole in healthy subjects [193]. However,
voriconazole PK have been shown to be unpredictable in all
populations. A prospective clinical trial demonstrated the
added value of TDM during voriconazole treatment by show-
ing a more favorable response in the TDM-group, compared to
the non-TDM group [194]. Therefore, TDM is advised during
treatment and also prophylaxis of critically ill patients with
voriconazole. Trough samples should be taken after about
2 days, and a range of 2–6 mg/L should be used as a reference
[192,195]. Nonlinear PK have been described for voriconazole;
this should be taken into account when the voriconazole dose
is adjusted based on observed patient concentrations [196].

Flucytosine

Relationship between drug concentration and
pharmacological response
An animal study showed that T>MIC is the PK/PD index related
to the pharmacologic effect of flucytosine [197]. Several retro-
spective preclinical as well as clinical studies in noncritically ill
patients have identified a relationship between flucytosine
concentrations and toxicity [198–200] and flucytosine concen-
trations and prevention of resistance [201].

Defined therapeutic concentration range
A small clinical trial demonstrated an association between
trough concentrations of flucytosine and bone marrow
depression, where concentrations > 125 mg/L were associated
with reversible leukopenia [200]. Several other clinical studies
showed an association between a higher risk of developing
thrombocytopenia, leukopenia, and liver toxicity and flucyto-
sine trough concentrations > 100 mg/L [198,199,202].
Furthermore, an in vitro study showed that development of
resistance most frequently occurs at drug concentra-
tions < 25 mg/L [201].

Availability of a bioanalytical assay
Available assays for the measurement of flucytosine include
bioassay and HPLC–UV [203]. However, the results of a 5-year
international proficiency program showed that 23% of the
analyses lie outside the predefined acceptable range. These

results emphasize the need to further improve the analytical
methods for antifungal TDM in clinical care [168].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Flucytosine is a hydrophilic compound, and an increased Vd of
flucytosine has been demonstrated in critically ill patients
[204]. Also, a substantial effect of augmented or decreased
renal clearance on the PK in critically ill patients is to be
expected. Although no data on critically ill patients are avail-
able for flucytosine, TDM to avoid resistance and prevent
toxicity is advised. Trough concentrations should be >25 mg/
L to avoid resistance, and peak concentrations should be
50–100 mg/L to minimize the risk of toxicity. In patients
treated with continuous flucytosine infusion, a serum concen-
tration of 50 mg/L is recommended.

Antiviral agents

(val)Aciclovir

Relationship between drug concentration and
pharmacological response
No study showing an association between aciclovir plasma
concentrations and efficacy has been found in the literature.
However, several case reports describing a relationship
between high aciclovir concentrations and toxicity, especially
neurotoxicity (tremor, myoclonus, confusion, agitation,
lethargy, hallucination, extrapyramidal symptoms, impairment
of consciousness), have been published [205–208].

Defined therapeutic concentration range
No therapeutic range for plasma aciclovir concentrations has
been defined. Several case reports associate adverse events
with high plasma peak concentrations: >10 [205], >18 [208],
>25 [206], and >51 mg/L [207]. Several clinical studies have
reported plasma concentrations of aciclovir in noncritically ill
patients; however, no relationship with efficacy was described.

Availability of a bioanalytical assay
Available assays for the measurement of aciclovir include
bioassay, HPLC–UV, and LC–MS/MS [72,209].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Aciclovir is a hydrophilic compound, and therefore there may
be an effect of increased Vd and augmented or decreased
renal clearance in critically ill patients. In critically ill patients,
dosing could be individualized based on creatinine clearance
[72]. Also, it seems reasonable to perform TDM in patients with
a high risk of altered PK, such as critically ill patients with
sepsis, burns, organ failure or critically ill patients using con-
comitant medication known to influence the aciclovir concen-
tration, such as mycofenolic acid. The suggested target
concentrations are those observed in healthy subjects using
aciclovir: Cmin around 0.5–0.7 mg/L and Cmax around 5–10 mg/
L [72].
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(val)Ganciclovir

Relationship between drug concentration and
pharmacological response
No clear relationship between ganciclovir and pharmacologi-
cal response has been established. Several (small) studies have
investigated a possible relationship between ganciclovir con-
centrations and outcome, where some have demonstrated an
association between concentrations and viremia suppression
[210]. Other authors have not been able to correlate drug
concentrations with clinical or virological efficacy [211–214].
Likewise, toxicity has not been clearly associated with drug
concentrations, where some have found an association [215]
and others did not find an association [74,212,214].

Defined therapeutic concentration range
No therapeutic range for plasma ganciclovir concentrations
has been clearly defined. An AUC0–24 of 45 mg h/L was
shown to cause a lower risk of developing Cytomegalovirus
viremia during prophylactic therapy of ganciclovir [210]. In a
small clinical study, neutropenia has been associated with
Cmin > 2.5 mg/L and Cmax > 12.8 mg/L [215]. Other studies
have reported patient plasma concentrations, although no
relationship with clinical outcome was described.

Availability of a bioanalytical assay
Available assays for the measurement of ganciclovir include
immunoassay, HPLC–UV, and LC–MS/MS [74].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Ganciclovir is a hydrophilic compound, and therefore there
may be an effect of increased Vd and augmented or decreased
renal clearance in critically ill patients. Routine TDM for ganci-
clovir and its prodrug valganciclovir is not advised, since no
clear relationship between drug concentrations and efficacy or
toxicity has been established and no clear therapeutic range
has been obtained. Moreover, ganciclovir therapy could be
assessed by other techniques, such as antigenemia and PCR-
DNA, for which a clearer relationship with clinical outcome has
been established [74]. In critically ill patients, dosing could be
adjusted to creatinine clearance. Also, it seems reasonable to
perform TDM in patients with a high risk of altered PK, such as
critically ill patients with sepsis, burns, organ failure or critically
ill patients using concomitant medication known to influence
the ganciclovir concentration, such as mycofenolic acid. Cmax

and Cmin are shown to be significantly correlated with AUC
and can therefore be used as an indicator for AUC [216].
Target concentrations are the concentrations observed in sub-
jects with normal renal function using ganciclovir: Cmax

between 4.75 and 9.5 mg/L and Cmin between 0.25 and
1.2 mg/L [211,217,218].

Oseltamivir

Relationship between drug concentration and
pharmacological response
No clear relationship has been established between oseltami-
vir, its active metabolite oseltamivir carboxylate, and

pharmacological response. An in vitro study showed an asso-
ciation between AUC of oseltamivir carboxylate and efficacy
against influenza [219]. An inoculation study with healthy
volunteers showed an association between oseltamivir carbox-
ylate AUC and efficacy for oseltamivir against influenza [220].
A clinical study in healthy volunteers showed a relationship
between oseltamivir carboxylate AUC and side effects
(p = 0.006) [221].

Defined therapeutic concentration range
There are no clinical data defining a therapeutic concentration
range of oseltamivir carboxylate described in the literature.

Availability of a bioanalytical assay
Available assays for the measurement of oseltamivir and osel-
tamivir carboxylate include HPLC–UV and LC–MS/MS [222].

Use of TDM to potentially improve treatment outcome in
critically ill patients
Oseltamivir is a hydrophilic compound, and therefore there
may be an effect of increased Vd and augmented or decreased
renal clearance in critically ill patients [223]. Routine TDM for
oseltamivir is not advised, since no clear relationship between
drug concentrations and efficacy or toxicity has been estab-
lished and no therapeutic range has been obtained. In criti-
cally ill patients, dosing could be adjusted based on creatinine
clearance [222]. Also, it seems reasonable to perform TDM in
patients with a high risk of altered PK, such as critically ill
patients with sepsis, burns, or organ failure. Target concentra-
tions are the concentrations observed in noncritically ill
patients using oseltamivir; Cmax around 0.34 mg/L, Cmin around
0.17 mg/L, and AUC0–24 of 6.1 mg h/L for a dosing regimen of
75 mg 12-hourly [222].

Conclusions

TDM of anti-infectives is of increasing interest for optimizing
treatment of infections in critically ill patients. For many anti-
infectives, especially the hydrophilic agents, there is strong
evidence of altered PK in critically ill patients. Many studies
have described a higher apparent Vd and a great effect of
augmented or decreased renal clearance on concentrations of
renally cleared compounds in critically ill patients. These data
indicate that TDM could be useful in order to optimize treat-
ment in this patient group. However, only for the aminoglyco-
sides, glycopeptides, flucytosine, voriconazole, and
posaconazole, a clear therapeutic range is defined. Moreover,
only for aminoglycosides, glycopeptides, and voriconazole, a
beneficial effect of TDM on clinical outcome has been estab-
lished. For other compounds, no therapeutic range has been
established yet. However, for treatment of critically ill patients
with β-lactams, fluoroquinolones, and itraconazole, we also
advise to perform TDM, since there are several reports sug-
gesting a therapeutic target range and PK of these agents are
shown to be difficult to predict in critically ill patients leading
to a substantial risk of suboptimal exposure.
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Three factors form the cornerstone of adequate treatment
with anti-infective agents in critically ill patients; the host,
the causative pathogen, and the anti-infective agent. There is
strong evidence that the PK of critically ill patients can be
highly altered between and also within patients, although
standard dosing regimens usually obtained from healthy sub-
jects are used in this patient group. These dosing regimens
will in many cases lead to suboptimal exposure. Second, PK/
PD targets are usually expressed in relation to the MIC of the
pathogen, highlighting that accurate and timely determina-
tion of the MIC of the pathogen causing the infection is of
high importance to help define the PK exposure necessary for
optimal effects. However, especially at the beginning of treat-
ment, these values will not be available and local antibio-
grams, EUCAST, or CLSI breakpoints should be used as
surrogates for the actual MIC at that time. Third, knowledge
of the characteristics of the anti-infective agent (e.g. hydro-
philicity, toxicity) is of high importance.

Adequate anti-infective treatment is of high relevance in
critically ill patients, since this could be life saving for this patient
group. Therefore, a shift toward individualized anti-infective
treatment of critically ill patients using TDM is inevitable.

The first step would be to develop accurate and sensitive
assays, where assay development and validation should be
rigorous, to ensure accurate results are consistently obtained.
In some cases, the measurement of unbound drug concentra-
tions is advocated; appropriate processes should be devel-
oped and validated for each individual drug. Also,
turnaround time of the analytical assay should be taken into
account when developing a method for TDM. Since the con-
dition of critically ill patients can change rapidly, results should
be known at least the same day. Although LC–MS/MS is
usually the most accurate and sensitive method to determine
patient plasma concentrations, the necessity of a short turn-
around time will result in more single assays instead of batch
processing, which will lead to substantially higher costs.
Randomized cost-effectiveness trials of TDM in critically ill
patients are necessary to prove whether this form of TDM
will not only provide clinical, but also financial benefit. At
this time, there are many laboratories developing their own
methods, while it would be much better to have a robust and
validated method to be used in different laboratories, so cross
validation can be performed and quality of the assay can be
assured. For drugs exhibiting high protein binding, measure-
ment of unbound concentrations is preferred over the calcula-
tion of unbound concentrations from published protein
binding values, because such calculations may not reflect the
unbound anti-infective concentration in a critically ill patient.
The second step will be to identify therapeutic targets. Until
now, possible target concentrations are usually derived from
very small studies. To truly establish therapeutic ranges of
anti-infectives, large multicenter studies are suggested. When
these ranges have been established, a well-designed rando-
mized controlled trial (TDM arm vs. conventional dosing arm),
where drug concentrations and MICs are measured, should be
performed to quantify the beneficial effect of TDM-guided
dosing in critically ill patients.

Key issues

● Pathophysiological changes in critically ill patients result in
altered pharmacokinetics of anti-infectives, especially for
hydrophilic agents.

● Therapeutic drug monitoring (TDM) is recommended for all
critically ill patients treated with aminoglycosides, glyco-
peptides, β-lactams, fluoroquinolones, flucytosine, itracona-
zole, voriconazole, and posaconazole.

● For renally cleared anti-infectives, dosing should be
adjusted to renal function and monitoring of plasma con-
centrations performed in patients with a high risk of deviat-
ing pharmacokinetics, such as critically ill patients with
sepsis, burns, organ failure or in patients using concomitant
medication known to influence concentrations of the anti-
infective agent.

● There is a lack of data on therapeutic concentration ranges
for many anti-infectives.

● Randomized controlled trials investigating TDM versus non-
TDM are warranted to quantify the value of TDM.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

References

Papers of special note have been highlighted as:
• of interest

1. Vincent J, Rello J, Marshall J, et al. International study of the
prevalence and outcomes of infection in intensive care units.
JAMA. 2009;302(21):2323–2329.

2. Lagu T, Rothberg MB, Shieh M-S, et al. Hospitalizations, costs, and
outcomes of severe sepsis in the United States 2003 to 2007. Crit
Care Med. 2012;40(3):754–761.

3. Harrison DA, Welch CA, Eddleston JM. The epidemiology of severe
sepsis in England, Wales and Northern Ireland, 1996 to 2004:
secondary analysis of a high quality clinical database, the ICNARC
Case Mix Programme Database. Crit Care. 2006;10(2):R42.

4. Stoller J, Halpin L, Weis M, et al. Epidemiology of severe sepsis:
2008–2012. J Crit Care. 2016;31(1):58–62.

5. Kollef MH, Sherman G, Ward S, et al. Inadequate antimicrobial
treatment of infections: a risk factor for hospital mortality among
critically ill patients. Chest. 1999;115(2):462–474.

6. MacArthur RD, Miller M, Albertson T, et al. Adequacy of early
empiric antibiotic treatment and survival in severe sepsis: experi-
ence from the MONARCS trial. Clin Infect Dis. 2004;38(2):284–288.

7. Kumar A, Roberts D, Wood K, et al. Duration of hypotension before
initiation of effective antimicrobial therapy is the critical determi-
nant of survival in human septic shock. Crit Care Med. 2006;34
(6):1589–1596.

8. Pea F, Viale P. Bench-to-bedside review: appropriate antibiotic
therapy in severe sepsis and septic shock–does the dose matter?
Crit Care. 2009;13(3):214.

9. Varghese JM, Roberts JA, Lipman J. Antimicrobial pharmacokinetic
and pharmacodynamic issues in the critically ill with severe sepsis
and septic shock. Crit Care Clin. 2011;27(1):19–34.

10. Power BM, Forbes AM, van Heerden PV, et al. Pharmacokinetics of
drugs used in critically ill adults. Clin Pharmacokinet. 1998;34
(1):25–56.

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 973



11. Lee W, Slutsky A. Sepsis and endothelial permeability. N Engl J
Med. 2010;363(689):691.

12. O’Brien JM Jr, Ali NA, Aberegg SK, et al. Sepsis. Am J Med. 2007;120
(12):1012–1022.

13. Conil JM, Georges B, Lavit M, et al. A population pharmacokinetic
approach to ceftazidime use in burn patients: influence of glomer-
ular filtration, gender and mechanical ventilation. Br J Clin
Pharmacol. 2007;64(1):27–35.

14. Pea F. Plasma pharmacokinetics of antimicrobial agents in critically
ill patients. Curr Clin Pharmacol. 2013;8(1):5–12.

15. SAFE Study Investigators, Finfer S, Bellomo R, et al. Effect of base-
line serum albumin concentration on outcome of resuscitation
with albumin or saline in patients in intensive care units: analysis
of data from the saline versus albumin fluid evaluation (SAFE)
study. BMJ. 2006;333(7577):1044.

16. Wong G, Briscoe S, Adnan S, et al. Protein binding of Beta-lactam
antibiotics in critically Ill patients: can we successfully predict
unbound concentrations? Antimicrob Agents Chemother. 2013;57
(12):6165–6170.

17. Fuster-Lluch O, Gerónimo-Pardo M, Peyró-García R, et al.
Glomerular hyperfiltration and albuminuria in critically ill patients.
Anaesth Intensive Care. 2008;36(5):674–680.

18. Hobbs AL, Shea KM, Roberts KM, et al. Implications of augmented
renal clearance on drug dosing in critically ill patients: a focus on
antibiotics. Pharmacotherapy. 2015;35(11):1063–1075.

19. Udy AA, Baptista JP, Lim NL, et al. Augmented renal clearance in
the ICU. Crit Care Med. 2014;42(3):520–527.

20. Cherry RA, Eachempati SR, Hydo L, et al. Accuracy of short-duration
creatinine clearance determinations in predicting 24-hour creati-
nine clearance in critically ill and injured patients. J Trauma.
2002;53(2):267–271.

21. Conil JM, Georges B, Fourcade O, et al. Assessment of renal func-
tion in clinical practice at the bedside of burn patients. Br J Clin
Pharmacol. 2007;63(5):583–594.

22. Udy A, Boots R, Senthuran S, et al. Augmented creatinine clearance
in traumatic brain injury. Anesth Analg. 2010;111(6):1505–1510.

23. Parrillo JE, Parker MM, Natanson C, et al. Septic shock in humans.
Advances in the understanding of pathogenesis, cardiovascular
dysfunction, and therapy. Ann Intern Med. 1990;113(3):227–242.

24. McKindley DS, Hanes S, Boucher BA. Hepatic drug metabolism in
critical illness. Pharmacotherapy. 1998;18(4):759–778.

25. Ulldemolins M, Roberts JA, Lipman J, et al. Antibiotic dosing in
multiple organ dysfunction syndrome. Chest J. 2011;139(5):1210–
1220.

26. Lheureux O, Trepo E, Hites M, et al. Serum β-lactam concentrations
in critically ill patients with cirrhosis: a matched case-control study.
Liver Int. 2015 Dec 8. doi:10.1111/liv.13039.

27. Wong W-T, Choi G, Gomersall CD, et al. To increase or decrease
dosage of antimicrobials in septic patients during continuous renal
replacement therapy: the eternal doubt. Curr Opin Pharmacol.
2015;24:68–78.

28. Pea F, Viale P, Pavan F, et al. Pharmacokinetic considerations for
antimicrobial therapy in patients receiving renal replacement ther-
apy. Clin Pharmacokinet. 2007;46(12):997–1038.

29. Choi G, Gomersall CD, Tian Q, et al. Principles of antibacterial
dosing in continuous renal replacement therapy. Blood Purif.
2010;30(3):195–212.

30. Mehta NM, Halwick DR, Dodson BL, et al. Potential drug sequestra-
tion during extracorporeal membrane oxygenation: results from an
ex vivo experiment. Intensive Care Med. 2007;33(6):1018–1024.

31. Wildschut ED, Ahsman MJ, Allegaert K, et al. Determinants of drug
absorption in different ECMO circuits. Intensive Care Med. 2010;36
(12):2109–2116.

32. Jamal J-A, Economou CJP, Lipman J, et al. Improving antibiotic
dosing in special situations in the ICU. Curr Opin Crit Care.
2012;18(5):460–471.

33. Rhomberg PR, Fritsche TR, Sader HS, et al. Antimicrobial suscept-
ibility pattern comparisons among intensive care unit and general
ward Gram-negative isolates from the Meropenem Yearly

Susceptibility Test Information Collection Program (USA). Diagn
Microbiol Infect Dis. 2006;56(1):57–62.

34. Samtani MN, Flamm R, Kaniga K, et al. Pharmacokinetic-pharmaco-
dynamic-model-guided doripenem dosing in critically ill patients.
Antimicrob Agents Chemother. 2010;54(6):2360–2364.

35. Wolfensberger A, Sax H, Weber R, et al. Change of antibiotic
susceptibility testing guidelines from CLSI to EUCAST: influence
on cumulative hospital antibiograms. PLoS One. 2013;8(11):1–8.

36. Ensom H, Davis GA, Cropp CD, et al. Clinical pharmacokinetics in
the 21st century. Clin Pharmacokinet. 1998;34(4):265–279.

• A paper describing how to provide rational, selective thera-
peutic drug monitoring.

37. Delattre IK, Musuamba FT, Nyberg J, et al. Population pharmacoki-
netic modeling and optimal sampling strategy for Bayesian estima-
tion of amikacin exposure in critically ill septic patients. Ther Drug
Monit. 2010;32(6):749–756.

38. Conil J-M, Georges B, Ruiz S, et al. Tobramycin disposition in ICU
patients receiving a once daily regimen: population approach and
dosage simulations. Br J Clin Pharmacol. 2011;71(1):61–71.

39. Taccone FS, Laterre P-F, Spapen H, et al. Revisiting the loading dose
of amikacin for patients with severe sepsis and septic shock. Crit
Care. 2010;14(2):R53.

40. Petejova N, Zahalkova J, Duricova J, et al. Gentamicin pharmacoki-
netics during continuous venovenous hemofiltration in critically ill
septic patients. J Chemother. 2012;24(2):107–112.

41. Roberts JA, Field J, Visser A, et al. Using population pharmacoki-
netics to determine gentamicin dosing during extended daily dia-
filtration in critically ill patients with acute kidney injury.
Antimicrob Agents Chemother. 2010;54(9):3635–3640.

42. van de Vijsel LM, Walker SAN, Walker SE, et al. Initial vancomycin
dosing recommendations for critically ill patients undergoing con-
tinuous venovenous hemodialysis. Can J Hosp Pharm. 2010;63
(3):196–206.

43. Roberts D, Roberts J, Roberts M, et al. Variability of antibiotic
concentrations in critically ill patients receiving continuous renal
replacement therapy: a multicentre pharmacokinetic study. Crit
Care Med. 2012;40(5):1523–1528.

44. 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(1):75–77.

45. Roberts JA, Stove V, De Waele JJ, et al. Variability in protein binding
of teicoplanin and achievement of therapeutic drug monitoring
targets in critically ill patients: lessons from the DALI study. Int J
Antimicrob Agents. 2014;43(5):423–430.

46. Pea F, Di Qual E, Cusenza A, et al. Pharmacokinetics and pharma-
codynamics of intravenous levofloxacin in patients with early-onset
ventilator-associated pneumonia. Clin Pharmacokinet. 2003;42
(6):589–598.

47. Roberts JA, Paul SK, Akova M, et al. DALI: defining antibiotic levels
in intensive care unit patients: are current beta-lactam antibiotic
doses sufficient for critically ill patients? Clin Infect Dis. 2014;58
(8):1072–1083.

• A prospective, multinational pharmacokinetic point-prevalence
study including 8 β-lactam antibiotics, showing that a substan-
tial number of critically ill patients does not reach target drug
concentrations using regular dosing schedules, resulting in a
less likely positive clinical outcome.

48. Gonçalves-Pereira J, Póvoa P. Antibiotics in critically ill patients: a
systematic review of the pharmacokinetics of β-lactams. Crit Care.
2011;15(5):R206.

49. Roger C, Muller L, Wallis SC, et al. Population pharmacokinetics of
linezolid in critically ill patients on renal replacement therapy:
comparison of equal doses in continuous venovenous haemofiltra-
tion and continuous venovenous haemodiafiltration. J Antimicrob
Chemother. 2016;71(2):464–470.

50. van Lent-Evers NA, Mathôt RA, Geus WP, et al. Impact of goal-
oriented and model-based clinical pharmacokinetic dosing of ami-
noglycosides on clinical outcome: a cost-effectiveness analysis.
Ther Drug Monit. 1999;21(1):63–73.

974 N. G. L. JAGER ET AL.

http://dx.doi.org/10.1111/liv.13039


• A prospective, multicenter study showing that a pharmacy-
based, active therapeutic drug monitoring service for amino-
glycosides results in higher antibiotic efficacy, shorter hospi-
talization, and reduced incidence of nephrotoxicity.

51. Bartal C, Danon A, Schlaeffer F, et al. Pharmacokinetic dosing of
aminoglycosides: a controlled trial. Am J Med. 2003;114(3):194–198.

• A prospective controlled trial showing that individualized
pharmacokinetic dosing of aminoglycosides reduces the inci-
dence of nephrotoxicity and allows the use of greater doses of
aminoglycosides.

52. Streetman D, Nafziger A, Destache C, et al. Individualized pharma-
cokinetic monitoring results in less aminoglycoside-associated
nephrotoxicity and fewer associated costs. Pharmacotherapy.
2001;21(4):443–451.

• Retrospective case-control study that shows that individua-
lized pharmacokinetic monitoring of aminoglycosides signifi-
cantly decreased the frequency of aminoglycoside-associated
nephrotoxicity.

53. Markou N, Markantonis SL, Dimitrakis E, et al. Colistin serum con-
centrations after intravenous administration in critically ill patients
with serious multidrug-resistant, gram-negative bacilli infections: a
prospective, open-label, uncontrolled study. Clin Ther. 2008;30
(1):143–151.

54. Karnik ND, Sridharan K, Jadhav SP, et al. Pharmacokinetics of
colistin in critically ill patients with multidrug-resistant Gram-nega-
tive bacilli infection. Eur J Clin Pharmacol. 2013;69(7):1429–1436.

55. Zoller M, Maier B, Hornuss C, et al. Variability of linezolid concen-
trations after standard dosing in critically ill patients: a prospective
observational study. Crit Care. 2014;18(4):R148.

56. Luque S, Grau S, Alvarez-Lerma F, et al. Plasma and cerebrospinal
fluid concentrations of linezolid in neurosurgical critically ill
patients with proven or suspected central nervous system infec-
tions. Int J Antimicrob Agents. 2014;44(5):409–415.

57. Swoboda S, Ober MC, Lichtenstern C, et al. Pharmacokinetics of
linezolid in septic patients with and without extended dialysis. Eur
J Clin Pharmacol. 2010;66(3):291–298.

58. Rayner CR, Forrest A, Meagher AK, et al. Clinical pharmacodynamics
of linezolid in seriously ill patients treated in a compassionate use
programme. Clin Pharmacokinet. 2003;42(15):1411–1423.

59. Dong H, Wang X, Dong Y, et al. Clinical pharmacokinetic/pharma-
codynamic profile of linezolid in severely ill Intensive Care Unit
patients. Int J Antimicrob Agents. 2011;38(4):296–300.

60. Reiber C, Senn O, Muller D, et al. Therapeutic drug monitoring of
daptomycin: a retrospective monocentric analysis. Ther Drug
Monit. 2015;37(5):634–640.

61. Buijk SL, Gyssens IC, Mouton JW, et al. Pharmacokinetics of sequen-
tial intravenous and enteral fluconazole in critically ill surgical
patients with invasive mycoses and compromised gastro-intestinal
function. Intensive Care Med. 2001;27(1):115–121.

62. Sinnollareddy MG, Roberts JA, Lipman J, et al. Pharmacokinetic
variability and exposures of fluconazole, anidulafungin, and caspo-
fungin in intensive care unit patients: data from multinational
Defining Antibiotic Levels in Intensive care unit (DALI) patients
Study. Crit Care. 2015;19(1):33.

63. Hagihara M, Kasai H, Umemura T, et al. Pharmacokinetic-pharma-
codynamic study of itraconazole in patients with fungal infections
in intensive care units. J Infect Chemother. 2011;17(2):224–230.

64. Ray J, Campbell L, Rudham S, et al. Posaconazole plasma concen-
trations in critically ill patients. Ther Drug Monit. 2011;33(4):387–
392.

65. Myrianthefs P, Markantonis SL, Evaggelopoulou P, et al. Monitoring
plasma voriconazole levels following intravenous administration in
critically ill patients: an observational study. Int J Antimicrob
Agents. 2010;35(5):468–472.

66. Radej J, Krouzecky A, Stehlik P, et al. Pharmacokinetic evaluation of
voriconazole treatment in critically ill patients undergoing contin-
uous venovenous hemofiltration. Ther Drug Monit. 2011;33(4):393–
397.

67. Wang T, Xie J, Wang Y, et al. Pharmacokinetic and pharmacody-
namic properties of oral voriconazole in patients with invasive

fungal infections. Pharmacother J Hum Pharmacol Drug Ther.
2015;35(9):797–804.

68. Kamal MA, Gieschke R, Lemenuel-Diot A, et al. A drug-disease
model describing the effect of oseltamivir neuraminidase inhibition
on influenza virus progression. Antimicrob Agents Chemother.
2015;59(9):5388–5395.

69. Kromdijk W, Sikma MA, van den Broek MPH, et al. Pharmacokinetics
of oseltamivir carboxylate in critically ill patients: each patient is
unique. Intensive Care Med. 2013;39(5):977–978.

70. Eyler RF, Heung M, Pleva M, et al. Pharmacokinetics of oseltamivir
and oseltamivir carboxylate in critically ill patients receiving con-
tinuous venovenous hemodialysis and/or extracorporeal mem-
brane oxygenation. Pharmacotherapy. 2012;32(12):1061–1069.

71. Pasqualotto AC, Howard SJ, Moore CB, et al. Flucytosine therapeu-
tic monitoring: 15 years experience from the UK. J Antimicrob
Chemother. 2007;59(4):791–793.

72. Blum MR, Liao SH, de Miranda P. Overview of acyclovir pharmaco-
kinetic disposition in adults and children. Am J Med. 1982;73
(1A):186–192.

73. Horvatits T, Kitzberger R, Drolz A, et al. Pharmacokinetics of ganci-
clovir during continuous venovenous hemodiafiltration in critically
Ill patients. Antimicrob Agents Chemother. 2014;58:94–101.

74. Scott JC, Partovi N, Ensom MHH. Ganciclovir in solid organ trans-
plant recipients. Ther Drug Monit. 2004;26(1):68–77.

75. Rea RS, Capitano B, Bies R, et al. Suboptimal aminoglycoside dosing
in critically ill patients. Ther Drug Monit. 2008;30(6):674–681.

76. Buijk S, Mouton J, Gyssens I, et al. Experience with a once-daily
dosing program of aminoglycosides in critically ill patients.
Intensive Care Med. 2002;28(7):936–942.

77. Duszynska W, Taccone FS, Hurkacz M, et al. Therapeutic drug
monitoring of amikacin in septic patients. Crit Care. 2013;17(4):
R165.

78. Pea F, Brollo L, Viale P, et al. Teicoplanin therapeutic drug monitor-
ing in critically ill patients: a retrospective study emphasizing the
importance of a loading dose. J Antimicrob Chemother. 2003;51
(4):971–975.

79. Bellmann R, Falkensammer G, Seger C, et al. Teicoplanin pharma-
cokinetics in critically ill patients on continuous veno-venous
hemofiltration. Int J Clin Pharmacol Ther. 2010;48(4):243–249.

80. Beumier M, Casu G, Hites M, et al. β-lactam antibiotic concentra-
tions during continuous renal replacement therapy. Crit Care.
2014;18(3):R105.

81. Goncalves-Pereira J, Silva NE, Mateus A, et al. Assessment of phar-
macokinetic changes of meropenem during therapy in septic criti-
cally ill patients. BMC Pharmacol Toxicol. 2014;15:21.

82. Sime FB, Udy AA, Roberts JA. Augmented renal clearance in criti-
cally ill patients: etiology, definition and implications for beta-
lactam dose optimization. Curr Opin Pharmacol. 2015;24:1–6.

83. Bauer SR, Salem C, Connor MJ, et al. Pharmacokinetics and phar-
macodynamics of piperacillin-tazobactam in 42 patients treated
with concomitant CRRT. Clin J Am Soc Nephrol. 2012;7(3):452–457.

84. Chapuis TM, Giannoni E, Majcherczyk PA, et al. Prospective mon-
itoring of cefepime in intensive care unit adult patients. Crit Care.
2010;14(2):R51.

85. Spooner AM, Deegan C, D’Arcy DM, et al. An evaluation of cipro-
floxacin pharmacokinetics in critically ill patients undergoing con-
tinuous veno-venous haemodiafiltration. BMC Clin Pharmacol.
2011;11(1):11.

86. Pea F, Poz D, Viale P, et al. Which reliable pharmacodynamic break-
point should be advised for ciprofloxacin monotherapy in the
hospital setting? A TDM-based retrospective perspective. J
Antimicrob Chemother. 2006;58(2):380–386.

87. Szałek E, Tomczak H, Kamińska A, et al. Pharmacokinetics and
pharmacodynamics of ciprofloxacin in critically ill patients after
the first intravenous administration of 400 mg. Adv Med Sci.
2012;57(2):217–223.

88. Lipman J, Scribante J, Gous AG, et al. Pharmacokinetic profiles of
high-dose intravenous ciprofloxacin in severe sepsis. The
Baragwanath Ciprofloxacin Study Group. Antimicrob Agents
Chemother. 1998;42(9):2235–2239.

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 975



89. Fuhrmann V, Schenk P, Jaeger W, et al. Pharmacokinetics of moxi-
floxacin in patients undergoing continuous venovenous haemodia-
filtration. J Antimicrob Chemother. 2004;54(4):780–784.

90. Conil J-M, Georges B, de Lussy A, et al. Ciprofloxacin use in critically
ill patients: pharmacokinetic and pharmacodynamic approaches.
Int J Antimicrob Agents. 2008;32(6):505–510.

91. Rebuck JA, Fish DN, Abraham E. Pharmacokinetics of intravenous
and oral levofloxacin in critically ill adults in a medical intensive
care unit. Pharmacotherapy. 2002;22(10):1216–1225.

92. Roberts JA, Cotta MO, P C, et al. Does critical illness change levo-
floxacin pharmacokinetics? Antimicrob Agents Chemother. 2015;60
(3):1459–1463.

93. Whitehouse T, Cepeda JA, Shulman R, et al. Pharmacokinetic stu-
dies of linezolid and teicoplanin in the critically ill. J Antimicrob
Chemother. 2005;55(3):333–340.

94. Wenisch JM, Meyer B, Fuhrmann V, et al. Multiple-dose pharmaco-
kinetics of daptomycin during continuous venovenous haemodia-
filtration. J Antimicrob Chemother. 2012;67(4):977–983.

95. Vilay A, Grio M, DePestel D, et al. Daptomycin pharmacokinetics in
critically ill patients receiving continuous venovenous hemodialy-
sis. Crit Care Med. 2011;39(1):19–25.

96. Yagasaki K, Gando S, Matsuda N, et al. Pharmacokinetics and the
most suitable dosing regimen of fluconazole in critically ill patients
receiving continuous hemodiafiltration. Intensive Care Med.
2003;29(10):1844–1848.

97. Lemaitre F, Luyt C-E, Roullet-Renoleau F, et al. Impact of extracor-
poreal membrane oxygenation and continuous venovenous hemo-
diafiltration on the pharmacokinetics of oseltamivir carboxylate in
critically ill patients with pandemic (H1N1) influenza. Ther Drug
Monit. 2012;34(2):171–175.

98. 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(7):1549–1555.

99. Mueller EW, Boucher BA. The use of extended-interval aminoglyco-
side dosing strategies for the treatment of moderate-to-severe
infections encountered in critically ill surgical patients. Surg Infect
(Larchmt). 2009;10(6):563–570.

100. Lacy M, Nicolau D, Nightingale C, et al. The pharmacodynamics of
aminoglycosides. Clin Infect Dis. 1998;27:23–27.

101. Begg EJ, Barclay ML, Duffull SB. A suggested approach to once-
daily aminoglycoside dosing. Br J Clin Pharmacol. 1995;39:605–609.

102. Kashuba ADM, Nafziger AN, Drusano GL, et al. Optimizing amino-
glycoside therapy for nosocomial pneumonia caused by gram-
negative bacteria. Antimicrob Agents Chemother. 1999;43(3):623–
629.

103. Zelenitsky SA, Harding GKM, Sun S, et al. Treatment and outcome
of Pseudomonas aeruginosa bacteraemia: an antibiotic pharmaco-
dynamic analysis. J Antimicrob Chemother. 2003;52(4):668–674.

104. Nicolau DP, Freeman CD, Belliveau PP, et al. Experience with a
once-daily aminoglycoside program administered to 2,184 adult
patients. Antimicrob Agents Chemother. 1995;39(3):650–655.

105. Dasgupta A. Advances in antibiotic measurement. Adv Clin Chem.
2012;56:75–104.

106. Craig WA. Basic pharmacodynamics of antibacterials with clinical
applications to the use of β-lactams, glycopeptides, and linezolid.
Infect Dis Clin North Am. 2003;17(3):479–501.

107. Rybak MJ, Lomaestro BM, Rotschafer JC, et al. Therapeutic monitor-
ing of vancomycin in adults summary of consensus recommenda-
tions from the American Society of Health-System Pharmacists, the
Infectious Diseases Society of America, and the Society of
Infectious Diseases Pharmacists. Pharmacotherapy. 2009;29
(11):1275–1279.

108. Van Hal SJ, Paterson DL, Lodise TP. Systematic review and meta-
analysis of vancomycin-induced nephrotoxicity associated with
dosing schedules that maintain troughs between 15 and 20 milli-
grams per liter. Antimicrob Agents Chemother. 2013;57(2):734–744.

109. Suzuki Y, Kawasaki K, Sato Y, et al. Is peak concentration needed in
therapeutic drug monitoring of vancomycin? A pharmacokinetic-
pharmacodynamic analysis in patients with methicillin- resistant

Staphylococcus aureus pneumonia. Chemotherapy. 2012;58:308–
312.

110. Lodise TP, Patel N, Lomaestro BM, et al. Relationship between initial
vancomycin concentration-time profile and nephrotoxicity among
hospitalized patients. Clin Infect Dis. 2009;49(4):507–514.

111. Gilbert DN, Wood CA, Kimbrough RC, Diseases THEI. Failure of
treatment with teicoplanin at 6 milligrams / kilogram / day in
patients with staphylococcus aureus intravascular infection.
Antimicrob Agents Chemother. 1991;35(1):79–87.

112. Darley ESR, MacGowan AP. The use and therapeutic drug monitor-
ing of teicoplanin in the UK. Clin Microbiol Infect. 2004;10(1):62–69.

113. Harding I, MacGowan AP, White LO, et al. Teicoplanin therapy for
Staphylococcus aureus septicaemia: relationship between pre-dose
serum concentrations and outcome. J Antimicrob Chemother.
2000;45(6):835–841.

114. Begg EJ, Barclay ML, Kirkpatrick CMJ. The therapeutic monitoring of
antimicrobial agents. Br J Clin Pharmacol. 2001;52:35–43.

115. Wilson APR. Clinical pharmacokinetics of teicoplanin. Clin
Pharmacokinet. 2000;39(3):167–183.

116. Moise-Broder PA, Forrest A, Birmingham MC, et al.
Pharmacodynamics of vancomycin and other antimicrobials in
patients with Staphylococcus aureus lower respiratory tract infec-
tions. Clin Pharmacokinet. 2004;43(13):925–942.

117. Zelenitsky S, Rubinstein E, Ariano R, et al. Vancomycin pharmaco-
dynamics and survival in patients with methicillin-resistant
Staphylococcus aureus-associated septic shock. Int J Antimicrob
Agents. 2013;41(3):255–260.

118. Cheong J, Makmor-Bakry M, Lau C, et al. The relationship between
trough concentration of vancomycin and effect on methicillin-
resistant Staphylococcus aureus in critically ill patients. South
African Med J. 2012;25(102):616–619.

119. Hidayat LK, Hsu DI, Quist R, et al. High-dose vancomycin therapy
for methicillin-resistant Staphylococcus aureus infections: efficacy
and toxicity. Arch Intern Med. 2006;166(19):2138–2144.

120. Hanrahan TP, Kotapati C, Roberts MJ, et al. Factors associated with
vancomycin nephrotoxicity in the critically ill. Anaesth Intensive
Care. 2015;43(5):594–599.

121. Ingram PR, Lye DC, Tambyah PA, et al. Risk factors for nephrotoxi-
city associated with continuous vancomycin infusion in outpatient
parenteral antibiotic therapy. J Antimicrob Chemother. 2008;62
(1):168–171.

122. Spapen HD, Janssen van Doorn K, Diltoer M, et al. Retrospective
evaluation of possible renal toxicity associated with continuous
infusion of vancomycin in critically ill patients. Ann Intensive
Care. 2011;1(1):26.

123. Tobin CM, Darville JM, Thomson AH, et al. Vancomycin therapeutic
drug monitoring: is there a consensus view? The results of a UK
National External Quality Assessment Scheme (UK NEQAS) for
Antibiotic Assays questionnaire. J Antimicrob Chemother. 2002;50
(5):713–718.

124. Ye Z-K, Tang H-L, Zhai S-D. Benefits of therapeutic drug monitoring
of vancomycin: a systematic review and meta-analysis. PLoS One.
2013;8(10):e77169.

• A review evaluating the available evidence for the necessity of
TDM in patients given vancomycin to treat Gram-positive
infections, showing that TDM significantly increases the rate
of clinical efficacy and decreases the rate of nephrotoxicity in
patients treated with vancomycin.

125. Neely MN, Youn G, Jones B, et al. Are vancomycin trough concen-
trations adequate for optimal dosing? Antimicrob Agents
Chemother. 2014;58(1):309–316.

126. Huttner A, Harbarth S, Hope WW, et al. Therapeutic drug monitor-
ing of the β-lactam antibiotics: what is the evidence and which
patients should we be using it for? J Antimicrob Chemother.
2015;70:3178–3183.

127. Wong G, Sime FB, Lipman J, et al. How do we use therapeutic drug
monitoring to improve outcomes from severe infections in critically
ill patients? BMC Infect Dis. 2014;14(1):288.

128. Wong G, Brinkman A, Benefield RJ, et al. An international, multi-
centre survey of β-lactam antibiotic therapeutic drug monitoring

976 N. G. L. JAGER ET AL.



practice in intensive care units. J Antimicrob Chemother. 2014;69
(5):1416–1423.

129. Ariano RE. Pharmacokinetics and pharmacodynamics of merope-
nem in febrile neutropenic patients with bacteremia. Ann
Pharmacother. 2004;39(1):32–38.

130. 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(4):345–351.

131. Crandon JL, Bulik CC, Kuti JL, et al. Clinical pharmacodynamics of
cefepime in patients infected with Pseudomonas aeruginosa.
Antimicrob Agents Chemother. 2010;54(3):1111–1116.

132. Beumier M, Casu GS, Hites M, et al. Elevated β-lactam concentra-
tions associated with neurological deterioration in ICU septic
patients. Minerva Anestesiol. 2015;81(5):497–506.

133. Carlier M, Stove V, Wallis SC, et al. Assays for therapeutic drug
monitoring of β-lactam antibiotics: a structured review. Int J
Antimicrob Agents. 2015;46:367–375.

134. Carlier M, Noë M, Roberts JA, et al. Population pharmacokinetics
and dosing simulations of cefuroxime in critically ill patients: non-
standard dosing approaches are required to achieve therapeutic
exposures. J Antimicrob Chemother. 2014;69(10):2797–2803.

135. Udy AA, Varghese JM, Altukroni M, et al. Subtherapeutic initial β-
lactam concentrations in select critically ill patients: association
between augmented renal clearance and low trough drug concen-
trations. Chest [Internet]. 2012;142(1):30–39. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/22194591

136. Taccone FS, Laterre P-F, Dugernier T, et al. Insufficient β-lactam
concentrations in the early phase of severe sepsis and septic shock.
Crit Care. 2010;14(4):R126.

137. Roberts JA, Lipman J. Pharmacokinetic issues for antibiotics in the
critically ill patient. Crit Care Med. 2009;37(3):840–851.

138. Gao C-H, Yu L-S, Zeng S, et al. Personalized therapeutics for levo-
floxacin: a focus on pharmacokinetic concerns. Ther Clin Risk
Manag. 2014;10:217–227.

139. Forrest A, Nix DE, Ballow CH, et al. Pharmacodynamics of intrave-
nous ciprofloxacin in seriously ill patients. Antimicrob Agents
Chemother. 1993;37(5):1073–1081.

140. Zelenitsky SA, Ariano RE. Support for higher ciprofloxacin AUC24/
MIC targets in treating Enterobacteriaceae bloodstream infection. J
Antimicrob Chemother. 2010;65(8):1725–1732.

141. Thomas JK, Forrest A, Bhavnani SM, et al. Pharmacodynamic eva-
luation of factors associated with the development of bacterial
resistance in acutely ill patients during therapy. Antimicrob
Agents Chemother. 1998;42(3):521–527.

142. Scaglione F, Paraboni L. Influence of pharmacokinetics/pharmaco-
dynamics of antibacterials in their dosing regimen selection. Expert
Rev Anti Infect Ther. 2006;4(3):479–490.

143. Preston S, Drusano GL, Berman A, et al. Pharmacodynamics of
levofloxacin: a new paradigm for early clinical trials. JAMA.
1998;279(2):125–129.

144. Dudhani RV, Turnidge JD, Nation RL, et al. fAUC/MIC is the most
predictive pharmacokinetic/pharmacodynamic index of colistin
against Acinetobacter baumannii in murine thigh and lung infec-
tion models. J Antimicrob Chemother. 2010;65(9):1984–1990.

145. Dudhani RV, Turnidge JD, Coulthard K, et al. Elucidation of the
pharmacokinetic/pharmacodynamic determinant of colistin activity
against Pseudomonas aeruginosa in murine thigh and lung infec-
tion models. Antimicrob Agents Chemother. 2010;54(3):1117–1124.

146. Sorlí L, Luque S, Grau S, et al. Trough colistin plasma level is an
independent risk factor for nephrotoxicity: a prospective observa-
tional cohort study. BMC Infect Dis. 2013;13(1):380.

147. Bergen PJ, Bulitta JB, Forrest A, et al. Pharmacokinetic/pharmaco-
dynamic investigation of colistin against Pseudomonas aeruginosa
using an in vitro model. Antimicrob Agents Chemother. 2010;54
(9):3783–3789.

148. Biswas S, Brunel J-M, Dubus J-C, et al. Colistin: an update on the
antibiotic of the 21st century. Expert Rev Anti Infect Ther. 2012;10
(8):917–934.

149. Garonzik SM, Li J, Thamlikitkul V, et al. Population pharmacoki-
netics of colistin methanesulfonate and formed colistin in critically
ill patients from a multicenter study provide dosing suggestions for
various categories of patients. Antimicrob Agents Chemother.
2011;55(7):3284–3294.

150. Dong H-Y, Xie J, Chen L-H, et al. Therapeutic drug monitoring and
receiver operating characteristic curve prediction may reduce the
development of linezolid-associated thrombocytopenia in critically
ill patients. Eur J Clin Microbiol Infect Dis. 2014;33(6):1029–1035.

151. Pea F, Viale P, Cojutti P, et al. Therapeutic drug monitoring may
improve safety outcomes of long-term treatment with linezolid in
adult patients. J Antimicrob Chemother. 2012;67(8):2034–2042.

152. Safdar N, Andes D, Craig WA. In vivo pharmacodynamic activity of
daptomycin. Antimicrob Agents Chemother. 2004;48(1):63–68.

153. Vance-Bryan K, Larson TA, Rotschafer JC, et al. Investigation of the
early killing of Staphylococcus aureus by daptomycin by using an
in vitro pharmacodynamic model. Antimicrob Agents Chemother.
1992;36(10):2334–2337.

154. Dandekar PK, Tessier PR, Williams P, et al. Pharmacodynamic profile
of daptomycin against Enterococcus species and methicillin-resis-
tant Staphylococcus aureus in a murine thigh infection model. J
Antimicrob Chemother. 2003;52(3):405–411.

155. Falcone M, Russo A, Cassetta MI, et al. Variability of pharmacoki-
netic parameters in patients receiving different dosages of dapto-
mycin: is therapeutic drug monitoring necessary? J Infect
Chemother. 2013;19(4):732–739.

156. Firsov AA, Smirnova MV, Lubenko IY, et al. Testing the mutant
selection window hypothesis with Staphylococcus aureus exposed
to daptomycin and vancomycin in an in vitro dynamic model. J
Antimicrob Chemother. 2006;58(6):1185–1192.

157. Bhavnani SM, Rubino CM, Ambrose PG, et al. Daptomycin exposure
and the probability of elevations in the creatine phosphokinase
level: data from a randomized trial of patients with bacteremia and
endocarditis. Clin Infect Dis. 2010;50(12):1568–1574.

158. Martens-Lobenhoffer J, Kielstein JT, Oye C, et al. Validated high
performance liquid chromatography-UV detection method for the
determination of daptomycin in human plasma. J Chromatogr B
Anal Technol Biomed Life Sci. 2008;875(2):546–550.

159. Grégoire M, Leroy AG, Bouquié R, et al. Simultaneous determina-
tion of ceftaroline, daptomycin, linezolid and rifampicin concentra-
tions in human plasma by on-line solid phase extraction coupled to
high-performance liquid chromatography–tandem mass spectro-
metry. J Pharm Biomed Anal. 2016;118:17–26.

160. Bazoti F, Gikas E, Skoutelis A, et al. Development and validation of
an ultra performance liquid chromatography–tandem mass spec-
trometry method for the quantification of daptomycin in human
plasma. J Pharm Biomed Anal. 2011;56:78–85.

161. Kielstein JT, Eugbers C, Bode-Boeger SM, et al. Dosing of daptomy-
cin in intensive care unit patients with acute kidney injury under-
going extended dialysis-a pharmacokinetic study. Nephrol Dial
Transplant. 2010;25(5):1537–1541.

162. Louie A, Drusano GL, Banerjee P, et al. Pharmacodynamics of
fluconazole in a murine model of systemic candidiasis.
Antimicrob Agents Chemother. 1998;42(5):1105–1109.

163. Andes D, Van Ogtrop M. Characterization and quantitation of the
pharmacodynamics of fluconazole in a neutropenic murine disse-
minated candidiasis infection model. Antimicrob Agents
Chemother. 1999;43(9):2116–2120.

164. Baddley JW, Patel M, Bhavnani SM, et al. Association of fluconazole
pharmacodynamics with mortality in patients with candidemia.
Antimicrob Agents Chemother. 2009;53(6):2704–2706.

165. Pai MP, Turpin RS, Garey KW. Association of fluconazole area under
the concentration-time curve/MIC and dose/MIC ratios with mor-
tality in nonneutropenic patients with candidemia. Antimicrob
Agents Chemother. 2007;51(1):35–39.

166. European Committee for Antimicrobial Susceptibility and Testing
(EUCAST). Fluconazole Rationale for the EUCAST clinical break-
points, version 2.0. Available from: www.eucast.org

167. Decosterd LA, Rochat B, Pesse B, et al. Multiplex ultra-performance
liquid chromatography-tandem mass spectrometry method for

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 977

http://www.ncbi.nlm.nih.gov/pubmed/22194591
http://www.ncbi.nlm.nih.gov/pubmed/22194591
http://www.eucast.org


simultaneous quantification in human plasma of fluconazole, itra-
conazole, hydroxyitraconazole, posaconazole, voriconazole, vorico-
nazole-N-oxide, anidulafungin, and caspo. Antimicrob Agents
Chemother. 2010;54(12):5303–5315.

168. Lempers VJC, Alffenaar JWC, Touw DJ, et al. Five year results of an
international proficiency testing programme for measurement of
antifungal drug concentrations. J Antimicrob Chemother. 2014;69
(11):2988–2994.

• A report showing that one out of five antifungal drug mea-
surements is inaccurate, where the performing laboratory is
the main determinant of inaccuracy, suggesting that internal
quality assurance is pivotal in preventing inaccuracies, irre-
spective of the antifungal drug measured, concentration, and
analytical equipment.

169. Sinnollareddy M, Peake SL, Roberts MS, et al. Pharmacokinetic
evaluation of fluconazole in critically ill patients. Expert Opin
Drug Metab Toxicol. 2011;7(11):1431–1440.

170. Manavathu EK, Cutright JL, Chandrasekar PH. Organism-dependent
fungicidal activities of azoles. Antimicrob Agents Chemother.
1998;42(11):3018–3021.

171. Burgess DS, Hastings RW. A comparison of dynamic characteristics
of fluconazole, itraconazole, and amphotericin B against
Cryptococcus neoformans using time-kill methodology. Diagn
Microbiol Infect Dis. 2000;38(2):87–93.

172. Berenguer J, Ali NM, Allende MC, et al. Itraconazole for experimen-
tal pulmonary aspergillosis: comparison with amphotericin B, inter-
action with cyclosporin A, and correlation between therapeutic
response and itraconazole concentrations in plasma. Antimicrob
Agents Chemother. 1994;38(6):1303–1308.

173. Glasmacher A, Hahn C, Leutner C. Breakthrough invasive fungal
infections in neutropenic patients after prophylaxis with itracona-
zole. Mycoses. 1999;42:443–451.

174. Boogaerts MA, Verhoef GE, Zachee P, et al. Antifungal prophylaxis
with itraconazole in prolonged neutropenia: correlation with
plasma levels. Mycoses. 1989;32 Suppl 1:103–108.

175. Wissen CPWGMV, Burger DM, Verweij PE, et al. Simultaneous deter-
mination of the azoles voriconazole, posaconazole, isavuconazole,
itraconazole and its metabolite hydroxy-itraconazole in human
plasma by reversed phase ultra-performance liquid chromatogra-
phy with ultraviolet detection. J Chromatogr B Analyt Technol
Biomed Life Sci. 2012;887–888:79–84.

176. Hostetler JS, Heykants J, Clemons KV, et al. Discrepancies in bioas-
say and chromatography determinations explained by metabolism
of itraconazole to hydroxyitraconazole: studies of interpatient var-
iations in concentrations. Antimicrob Agents Chemother. 1993;37
(10):2224–2227.

177. Bellmann R. Pharmacodynamics and pharmacokinetics of antifun-
gals for treatment of invasive aspergillosis. Curr Pharm Des.
2013;19(20):3629–3647.

178. Jang SH, Colangelo PM, Gobburu JVS. Exposure-response of posa-
conazole used for prophylaxis against invasive fungal infections:
evaluating the need to adjust doses based on drug concentrations
in plasma. Clin Pharmacol Ther [Internet]. 2010;88(1):115–119.
doi:10.1038/clpt.2010.64.

179. Lebeaux D, Lanternier F, Elie C, et al. Therapeutic drug monitoring
of posaconazole: a monocentric study with 54 adults. Antimicrob
Agents Chemother. 2009;53(12):5224–5229.

180. Bryant AM, Slain D, Cumpston A, et al. A post-marketing evaluation
of posaconazole plasma concentrations in neutropenic patients
with haematological malignancy receiving posaconazole prophy-
laxis. Int J Antimicrob Agents. 2011;37(3):266–269.

181. Hoenigl M, Raggam RB, Salzer HJF, et al. Posaconazole plasma con-
centrations and invasive mould infections in patients with haemato-
logical malignancies. Int J Antimicrob Agents. 2012;39(6):510–513.

182. Cattaneo C, Panzali A, Passi A, et al. Serum posaconazole levels
during acute myeloid leukaemia induction therapy: correlations
with breakthrough invasive fungal infections. Mycoses.
2015;58:362–367.

183. Walsh TJ, Raad I, Patterson TF, et al. Treatment of invasive asper-
gillosis with posaconazole in patients who are refractory to or

intolerant of conventional therapy: an externally controlled trial.
Clin Infect Dis. 2007;44(1):2–12.

184. Trifilio S, Singhal S, Williams S, et al. Breakthrough fungal infections
after allogeneic hematopoietic stem cell transplantation in patients
on prophylactic voriconazole. Bone Marrow Transplant. 2007;40
(5):451–456.

185. Dolton MJ, Ray JE, Chen SC-A, et al. Multicenter study of voricona-
zole pharmacokinetics and therapeutic drug monitoring.
Antimicrob Agents Chemother [Internet]. 2012;56(9):4793–4799.
doi:10.1128/AAC.00626-12.

186. Smith J, Safdar N, Knasinski V, et al. Voriconazole therapeutic
drug monitoring. Antimicrob Agents Chemother. 2006;50
(4):1570–1572.

187. Ueda K, Nannya Y, Kumano K, et al. Monitoring trough concentra-
tion of voriconazole is important to ensure successful antifungal
therapy and to avoid hepatic damage in patients with hematolo-
gical disorders. Int J Hematol. 2009;89(5):592–599.

188. Lee Y-J, Lee S-O, Choi S-H, et al. Initial voriconazole trough blood
levels and clinical outcomes of invasive aspergillosis in
patients with hematologic malignancies. Med Mycol. 2013;51
(3):324–330.

189. Pascual A, Calandra T, Bolay S, et al. Voriconazole therapeutic drug
monitoring in patients with invasive mycoses improves efficacy
and safety outcomes. Clin Infect Dis. 2008;46(2):201–211.

190. Pascual A, Csajka C, Buclin T, et al. Challenging recommended oral
and intravenous voriconazole doses for improved efficacy and
safety: population pharmacokinetics-based analysis of adult
patients with invasive fungal infections. Clin Infect Dis. 2012;55
(3):381–390.

191. Soler-Palacin P, Frick MA, Martin-Nalda A, et al. Voriconazole drug
monitoring in the management of invasive fungal infection in
immunocompromised children: a prospective study. J Antimicrob
Chemother. 2012;67(3):700–706.

192. Troke PF, Hockey HP, Hope WW. Observational study of the clinical
efficacy of voriconazole and its relationship to plasma concentra-
tions in patients. Antimicrob Agents Chemother. 2011;55(10):4782–
4788.

193. Fuhrmann V, Schenk P, Jaeger W, et al. Pharmacokinetics of vor-
iconazole during continuous venovenous haemodiafiltration. J
Antimicrob Chemother. 2007;60(5):1085–1090.

194. Park WB, Kim N-H, Kim K-H, et al. The effect of therapeutic drug
monitoring on safety and efficacy of voriconazole in invasive fungal
infections: a randomized controlled trial. Clin Infect Dis. 2012;55
(8):1080–1087.

• A randomized controlled trial demonstrating the added value
of TDM during voriconazole treatment by showing a more
favorable response in the TDM-group, compared to the non-
TDM group.

195. Pfaller MA, Diekema DJ, Ostrosky-Zeichner L, et al. Correlation of
MIC with outcome for candida species tested against caspofungin,
anidulafungin, and micafungin: analysis and proposal for interpre-
tive MIC breakpoints. J Clin Microbiol. 2008;46(8):2620–2629.

196. Yamada T, Mino Y, Yagi Y, et al. Saturated metabolism of vorico-
nazole N-oxidation resulting in nonlinearity of pharmacokinetics of
voriconazole at clinical doses. Biol Pharm Bull [Internet]. 2015;38
(10):1496–1503. Available from:: https://www.jstage.jst.go.jp/arti
cle/bpb/38/10/38_b15-00241/_pdf

197. Andes D, van Ogtrop M. In vivo characterization of the pharmaco-
dynamics of flucytosine in a neutropenic murine disseminated
candidiasis model. Antimicrob Agents Chemother. 2000;44(4):938–
942.

198. Vermes A, van Der Sijs H, Guchelaar HJ. Flucytosine: correlation
between toxicity and pharmacokinetic parameters. Chemotherapy.
2000;46(2):86–94.

199. Stamm AM, Diasio RB, Dismukes WE, et al. Toxicity of amphotericin
B plus flucytosine in 194 patients with cryptococcal meningitis. Am
J Med. 1987;83(2):236–242.

200. Kauffman CA, Frame PT. Bone marrow toxicity associated with 5-
fluorocytosine therapy. Antimicrob Agents Chemother. 1977;11
(2):244–247.

978 N. G. L. JAGER ET AL.

http://dx.doi.org/10.1038/clpt.2010.64
http://dx.doi.org/10.1128/AAC.00626-12
https://www.jstage.jst.go.jp/article/bpb/38/10/38_b15-00241/_pdf
https://www.jstage.jst.go.jp/article/bpb/38/10/38_b15-00241/_pdf


201. Normark S, Schonebeck J. In vitro studies of 5-fluorocytosine resis-
tance in Candida albicans and Torulopsis glabrata. Antimicrob
Agents Chemother. 1972;2(3):114–121.

202. Bennett JE, Dismukes WE, Duma RJ, et al. A comparison of ampho-
tericin B alone and combined with flucytosine in the treatment of
cryptoccal meningitis. N Engl J Med. 1979;301(3):126–131.

203. Goodwin MI, Drew RH. Antifungal serum concentration monitoring:
an update. J Antimicrob Chemother. 2007;61(1):17–25.

204. Vermes A, Math RAA, van der Sijs IH, et al. Population pharmaco-
kinetics of flucytosine: comparison and validation of three models
using STS, NPEM, and NONMEM. Ther Drug Monit. 2000;22(6):676–
687.

205. Chowdhury MA, Derar N, Hasan S, et al. Acyclovir-induced neuro-
toxicity: a case report and review of literature. Am J Ther. 2014;1.

206. Bean B, Aeppli D. Adverse effects of high-dose intravenous acyclo-
vir in ambulatory patients with acute herpes. Source J Infect Dis.
1985;151(2):362–365.

207. Haefeli WE, Schoenenberger RAZ, Weiss P, et al. Acyclovir-induced
neurotoxicity - concentration-side-effect relationship in acyclovir
overdose. Am J Med. 1993;94(2):212–215.

208. Bradley J, Forero N, Pho H, et al. Progressive somnolence leading to
coma in a 68-year-old man. Chest. 1997;112(2):538–540.

209. Yadav M, Upadhyay V, Singhal P, et al. Stability evaluation and
sensitive determination of antiviral drug, valacyclovir and its meta-
bolite acyclovir in human plasma by a rapid liquid chromatogra-
phy-tandem mass spectrometry method. J Chromatogr B Analyt
Technol Biomed Life Sci. 2009;877(8–9):680–688.

210. Wiltshire H, Paya CV, Pescovitz MD, et al. Pharmacodynamics of oral
ganciclovir and valganciclovir in solid organ transplant recipients.
Transplantation. 2005;79(11):1477–1483.

211. Fishman JA, Doran MT, Volpicelli SA, et al. Dosing of intravenous
ganciclovir for the prophylaxis and treatment of cytomegalovirus
infection in solid organ transplant recipients. Transplantation
[Internet]. 2000;69(3):389–394. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/10706048

212. Kimberlin DW, Acosta EP, Sánchez PJ, et al. Pharmacokinetic and
pharmacodynamic assessment of oral valganciclovir in the treat-
ment of symptomatic congenital cytomegalovirus disease. J Infect
Dis. 2008;197(6):836–845.

213. Giménez E, Solano C, Azanza JR, et al. Monitoring of trough plasma
ganciclovir levels and peripheral blood cytomegalovirus (CMV)-
specific CD8+ T cells to predict CMV DNAemia clearance in pre-
emptively treated allogeneic stem cell transplant recipients.
Antimicrob Agents Chemother. 2014;58(9):5602–5605.

214. Perrottet N, Csajka C, Pascual M, et al. Population pharmacokinetics
of ganciclovir in solid-organ transplant recipients receiving oral
valganciclovir. Antimicrob Agents Chemother. 2009;53(7):3017–
3023.

215. Shepp DH, Dandliker PS, de Miranda P, et al. Activity of 9-[2-
hydroxy-1-(hydroxymethyl)ethoxymethyl]guanine in the treatment
of cytomegalovirus pneumonia. Ann Intern Med. 1985;103(3):368–
373.

216. Snell GI, Kotsimbos TC, Levvey BJ, et al. Pharmacokinetic assess-
ment of oral ganciclovir in lung transplant recipients with cystic
fibrosis. J Antimicrob Chemother. 2000;45(4):511–516.

217. Fletcher C, Pharm D, Sawchuk R, et al. Human pharmacokinetics of
the antiviral drug DHPG. Clin Pharmacol Ther. 1986;40(3):281–286.

218. Sommadossi JP, Bevan R, Ling T, et al. Clinical pharmacokinetics of
ganciclovir in patients with normal and impaired renal function.
Rev Infect Dis. 1988;10 Suppl 3(3):S507–14.

219. McSharry JJ, Weng Q, Brown A, et al. Prediction of the pharmaco-
dynamically linked variable of oseltamivir carboxylate for influenza
A virus using an in vitro hollow-fiber infection model system.
Antimicrob Agents Chemother. 2009;53(6):2375–2381.

220. Rayner CR, Bulik CC, Kamal MA, et al. Pharmacokinetic-pharmaco-
dynamic determinants of oseltamivir efficacy using data from
phase 2 inoculation studies. Antimicrob Agents Chemother.
2013;57(8):3478–3487.

221. Wattanagoon Y, Stepniewska K, Lindegårdh N, et al.
Pharmacokinetics of high-dose oseltamivir in healthy volunteers.
Antimicrob Agents Chemother. 2009;53(3):945–952.

222. Widmer N, Meylan P, Ivanyuk A, et al. Oseltamivir in seasonal, avian
H5N1 and pandemic 2009 A/H1N1 influenza: pharmacokinetic and
pharmacodynamic characteristics. Clin Pharmacokinet. 2010;49
(11):741–765.

223. Ariano RE, Sitar DS, Zelenitsky SA, et al. Enteric absorption and
pharmacokinetics of oseltamivir in critically ill patients with pan-
demic (H1N1) influenza. Can Med Assoc J. 2010;182(4):357–363.

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 979

http://www.ncbi.nlm.nih.gov/pubmed/10706048
http://www.ncbi.nlm.nih.gov/pubmed/10706048

	Abstract
	Introduction
	Search strategy
	PK changes in critically ill patients
	Impaired drug absorption
	Changes in volume of distribution
	Changes in protein binding
	Changes in drug clearance
	Extracorporeal clearance

	Minimum inhibitory concentration
	TDM
	Antibiotic agents
	Aminoglycosides
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Glycopeptides
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	β-lactams
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Fluoroquinolones
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Colistin
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Linezolid
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Daptomycin
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients


	Antifungal agents
	Fluconazole
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Itraconazole
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Posaconazole
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Voriconazole
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Flucytosine
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients


	Antiviral agents
	(val)Aciclovir
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	(val)Ganciclovir
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients

	Oseltamivir
	Relationship between drug concentration and pharmacological response
	Defined therapeutic concentration range
	Availability of a bioanalytical assay
	Use of TDM to potentially improve treatment outcome in critically ill patients


	Conclusions
	Expert commentary and 5-year view
	Key issues
	Declaration of interest
	References



