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Obecně:

B-laktamy - nejvíce předepisovaná ATB na ICU

Širokospektrá, baktericidní, empirická ATB, cílená terapie, profylaxe


Rozdílné populace, rozdílné indikace

Velmi „citlivé“ k alteraci PK/PD u kriticky nemocných


Rozdíl mezi guidelines a denní rutinní praxi

TDM studie selhávají v redukci mortality



Obecně 2:
Vzestup počtu případů sepse! 

> 25% spojeno s mortalitou


Fyz. změny: ARC, alterace vazby na krevní bílkoviny a Vd, 
orgánová dysfunkce


Standardní režimy dávkování selhávají v dosažení PK/PD

Bakteriální původci infekcí - vyšší MIC!


Časná a adekátní ATB terapie: až 50% redukce mortality
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Fig. 1 Pharmacokinetics (PK); pharmacodynamics (PD); volume of distribution (Vd): apparent fluid volume containing the total administered 
drug dose at the same concentration as in plasma; clearance (CL): the blood volume cleared of the drug per time unit; augmented renal clear-
ance (ARC); cardiac output (CO); continuous renal replacement therapy (CRRT); extracorporeal membrane oxygenation (ECMO); glomerular filtration 
rate (GFR); 1particularly important for highly protein-bound antibiotics (e.g., ceftriaxone, cefazolin, aztreonam, ertapenem, teicoplanin) because of 
increased clearance of the free drug
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What does antibiotic dosing optimization mean?
Optimal antibiotic dosing means the dose, dose admin-
istration rate, and dosing interval that ensure optimal 
antibiotic exposure for the given susceptibility of a patho-
gen at the site of infection, maximizing bacterial killing, 
while at the same time minimizing toxicity and antibiotic 
resistance development [1]. It is an essential component 
of antimicrobial stewardship (AMS) and should be con-
sidered in the overall concept of medicines optimization 
in the intensive care unit (ICU).

Are antibiotic pharmacokinetics di!erent 
in critically ill patients?
!e changing landscape of decreasing pathogen sen-
sitivities along with the increasing number of patients 
cared for  in intensive care units (ICUs) presenting with 
extremes of pathophysiology, led to a concentration 
on the ‘host-drug-bug’ triad model, i.e., re-adjustment 
of fixed antibiotic models, and individualized dosing 
approach, considering host factors to maximize anti-
biotic efficiency and decrease toxicity (Fig.  1) [1, 2]. 
Conventionally, recommended antibiotic dosing is usu-
ally obtained from studies in healthy volunteers or less 
acutely unwell patients. However, critically ill patients are 
different, having marked homeostatic disturbances and 
altered end-organ function, resulting in distorted antibi-
otic pharmacokinetics (PKs) (Fig.  1) [1–3]. Specifically, 
increased volume of distribution (Vd) due to capillary 
leakage and aggressive administration of resuscitation 
fluids, along with hyperdynamic circulation, may lead 
to lower-than-expected concentrations of hydrophilic 

antibiotics (electronic supplementary table 1) [1, 2]. Fur-
thermore, a varying percentage of ICU patients (espe-
cially younger, trauma patients in an early phase of sepsis/
septic shock during the first week of ICU admission) pre-
sent an augmented renal clearance (ARC) of multifacto-
rial etiology (glomerular filtration rate (GFR) > 130  ml/
min/1.73m2) affecting kidney-eliminated antibiotics and 
leading to antibiotic underexposure (Fig.  1; electronic 
supplementary table 2) [4].

On the other hand, hypoperfusion and organ failure are 
frequent in critically ill patients, especially in the elderly, 
who are increasingly common in the ICU. Moreover, the 
pathophysiological changes of critical illness are dynamic 
and fast-changing; patients with normal organ function 
or ARC, may develop multi-organ dysfunction and, with-
out appropriate dosing adjustments, toxicity may arise 
(Fig. 1). !e great variability in plasma antibiotic concen-
trations resulting from the distorted pathophysiology-
altered PKs in critically ill patients is now well described, 
and is particularly prominent in specific subgroups 
(ARC, obese, burns, renal replacement therapy) [3, 5–7]. 
Dosing without considering the impact of the PK changes 
of critical illness is hardly likely to achieve effective anti-
biotic exposures and involves the risk of under-/overdos-
ing (Fig. 1).

Strategies to optimize antibiotic dosing
Strategies to tackle the dosing complexities of critical 
illness and optimize dosing include dosing nomograms 
validated for critically ill patients, creatinine-clearance 
(from urine collection)-based dosing for kidney-elim-
inated antibiotics, alternative dosing schemes, thera-
peutic drug monitoring (TDM)-based dosing, and 
model-informed precision dosing (MIPD).*Correspondence:  deskogr@yahoo.gr 
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lium resulting in either vasoconstriction or
vasodilatation with maldistribution of
blood flow, endothelial damage, and in-
creased capillary permeability (14). This
capillary leak syndrome results in fluid
shifts from the intravascular compartment
to the interstitial space (15, 16). This would
increase the Vd of hydrophilic drugs which
decreases their plasma drug concentration.
Vd of hydrophilic drugs may also be in-
creased by the presence of mechanical ven-
tilation, hypoalbuminaemia (increased cap-
illary leakage) extracorporeal circuits (e.g.,
plasma exchange, cardiopulmonary by-
pass), postsurgical drains, or in patients
with significant burn injuries (17–20). Li-
pophilic drugs typically have a large Vd
because of their partitioning into adipose
tissue, and as such the increased Vd that
results from third-spacing is likely to cause
insignificant increases in drug Vd.

Changes in Antibiotic Half-Life. Drug
elimination half-life (T1/2) is directly re-
lated to antibiotic CL and Vd. T1/2 is rep-
resented by the equation (21):

T1/2 !
0.693 " Vd

CL

It follows that an increased drug CL is
likely to reduce T1/2, whereas an in-
creased Vd is likely to increase T1/2.

CL, and therefore T1/2, can be affected
by the disease process that occurs in crit-

ically ill patients and from interventions
of the intensivist. Standard initial man-
agement of hypotension that critically ill
patients may develop is administration of
intravenous fluids. When hypotension
persists, vasopressor agents are pre-
scribed. It is, therefore, not surprising
that critically ill patients often have
higher than normal cardiac indices (13,
22). Some information suggests that me-
chanical ventilation may cause decreased
antibiotic CL (19). In the absence of sig-
nificant organ dysfunction, there is often
an increased renal perfusion and conse-
quently increased creatinine clearance
and elimination of hydrophilic antibiotics
(23–25). It follows that dose adjustment
for hydrophilic antibiotics can be guided
by measures of creatinine clearance even
in patients with significant burn injuries
(19). Strong evidence suggests that the
most effective way to calculate renal
function remains using an 8, 12, or 24-
hour creatinine clearance collection (26,
27), although recent work has suggested
that a 2-hour creatinine clearance may be
an adequate substitute (28). It must be
emphasized that equations such as the
Cockroft-Gault (29) and Modified Diet in
Renal Disease (30) equations are likely to
be unreliable and, if possible, should not
be substituted for urinary creatinine
clearance data (31).

Further evidence suggests that criti-
cally ill patients may have higher creati-
nine clearances even in the presence of
normal plasma creatinine concentrations
(32, 33). A subsequent higher CL of re-
nally eliminated drugs may result in a
decreased T1/2.

Hypoalbuminemia. Protein binding is
a factor that may influence the Vd and CL
of many antibiotics. A notable example of
this pharmacokinetic alteration exists for
ceftriaxone, which is 95% bound to albu-
min in normal ward patients (34, 35). In
hypoalbuminemic states, as common in
critically ill patients, this can result in a
higher unbound concentration that has
a 100% increased CL and 90% greater
Vd (36). Other highly protein-bound
antibiotics that probably develop al-
tered pharmacokinetics from hypoalbu-
minaemia include oxacillin and teico-
planin.

Development of End-Organ Dysfunc-
tion. With further deterioration in the
health status of the patient, significant
myocardial depression can occur, which
leads to a decrease in organ perfusion and
failure of the microvascular circulation
(37). This may then progress to multiple
organ dysfunction syndrome, which may
include renal and/or hepatic dysfunction
(38). This will result in decreased antibiotic
CL, prolonged T1/2, and potential toxicity
from elevated antibiotic concentrations
and/or accumulation of metabolites. For
some drugs, if dysfunction of the primary
eliminating organ occurs, other organs
may increase their intrinsic CL causing lit-
tle change in expected plasma concentra-
tion (e.g., in renal dysfunction, ciprofloxa-
cin transintestinal CL can increase,
resulting in only a small decrease in total
body CL) (39). Preliminary data also sup-
port increased biliary CL of ticarcillin and
piperacillin in renal dysfunction (40, 41).

Figure 3 schematically identifies the
pharmacokinetic changes that can occur
because of the altered physiology in crit-
ical illness.

When renal dysfunction is present or
if the patient needs renal replacement
therapy, standard texts or review articles
should be used as a guide for altered
dosing (42–44).

Tissue Penetration. Antibiotic phar-
macokinetics at the target site, which is
usually tissue (45), are important to pre-
dict antibiotic-bacteria interactions. Mi-
crodialysis is an in vivo sampling tech-
nique that is the subject of an increasing
number of research publications, partic-
ularly in critically ill patients (46–49).
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Figure 2. The interrelationship of hydrophilicity and lipophilicty of antibiotic molecules on the
pharmacokinetic characteristics in general ward patients (General pharmacokinetics #PK$) and the
altered PK observed in critically ill patients in intensive care unit (ICU). CL, clearance; Vd, volume of
distribution.

842 Crit Care Med 2009 Vol. 37, No. 3

Continuing Medical Education Article: Concise Definitive Review
R. Phillip Dellinger, MD, FCCM, Section Editor

Pharmacokinetic issues for antibiotics in the critically ill patient

Jason A. Roberts, B Pharm (Hons); Jeffrey Lipman, FJFICM, MD

Research Fellow (JR), the University of Queens-
land, Pharmacy Department, Royal Brisbane and
Women’s Hospital, Herston, Australia; and Professor
(JL), University of Queensland and Royal Brisbane
and Women’s Hospital, Herston, Australia.

Supported, in part, by the Australian and New Zea-
land College of Anesthetists, Society of Hospital Pharma-
cists of Australia, the Queensland State Government—

Smart State Initiative, Royal Brisbane and Women’s
Hospital Research Foundation and the Australian National
Health and Medical Research Council (519702). Sup-
ported by the Australian National Health and Medical
Research Council (JAR) (409931).

Dr. Lipman holds consultancies with AstraZeneca
and Wyeth. Mr. Roberts has not disclosed any potential
conflicts of interest.

For information regarding this article, E-mail:
j.lipman@uq.edu.au

Copyright © 2009 by the Society of Critical Care
Medicine and Lippincott Williams & Wilkins

DOI: 10.1097/CCM.0b013e3181961bff

LEARNING OBJECTIVES

On completion of this article, the reader should be able to:

1. Explain principles which influence pharmacokinetics in critically ill patients.

2. Describe rational dosing regimens for antibiotics in critically ill patients.

3. Use this information in a clinical setting.

Dr. Roberts has disclosed that he is the recipient of an education grant to the research center from Astra-Zeneca. Dr. Lipman
has disclosed that he is the recipient of an education grant to the research center from Astra-Zeneca; is a consultant/advisor
for Astra-Zeneca and Janssen-Cilag; and is on the speaker’s bureau for Wyeth Australia.

All faculty and staff in a position to control the content of this CME activity have disclosed that they have no financial
relationship with, or financial interests in, any commercial companies pertaining to this educational activity.

Lippincott CME Institute, Inc., has identified and resolved all faculty conflicts of interest regarding this educational activity.

Visit the Critical Care Medicine Web site (www.ccmjournal.org) for information on obtaining continuing medical education credit.

Objective: To discuss the altered pharmacokinetic properties
of selected antibiotics in critically ill patients and to develop basic
dose adjustment principles for this patient population.

Data Sources: PubMed, EMBASE, and the Cochrane-Controlled
Trial Register.

Study Selection: Relevant papers that reported pharmacoki-
netics of selected antibiotic classes in critically ill patients and
antibiotic pharmacodynamic properties were reviewed. Antibiot-
ics and/or antibiotic classes reviewed included aminoglycosides,
!-lactams (including carbapenems), glycopeptides, fluoroquino-
lones, tigecycline, linezolid, lincosamides, and colistin.

Data Synthesis: Antibiotics can be broadly categorized accord-
ing to their solubility characteristics which can, in turn, help
describe possible altered pharmacokinetics that can be caused by
the pathophysiological changes common to critical illness. Hy-
drophilic antibiotics (e.g., aminoglycosides, !-lactams, glycopep-
tides, and colistin) are mostly affected with the pathphysiological
changes observed in critically ill patients with increased volumes

of distribution and altered drug clearance (related to changes in
creatinine clearance). Lipophilic antibiotics (e.g., fluoroquinolo-
nes, macrolides, tigecycline, and lincosamides) have lesser vol-
ume of distribution alterations, but may develop altered drug
clearances. Using antibiotic pharmacodynamic bacterial kill char-
acteristics, altered dosing regimens can be devised that also
account for such pharmacokinetic changes.

Conclusions: Knowledge of antibiotic pharmacodynamic prop-
erties and the potential altered antibiotic pharmacokinetics in
critically ill patients can allow the intensivist to develop individ-
ualized dosing regimens. Specifically, for renally cleared drugs,
measured creatinine clearance can be used to drive many dose
adjustments. Maximizing clinical outcomes and minimizing anti-
biotic resistance using individualized doses may be best achieved
with therapeutic drug monitoring. (Crit Care Med 2009; 37:
840–851)

KEY WORDS: pharmacokinetics; critically ill; pharmacodynamics;
antibiotic; dosing
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The current data suggest that antibiotic
penetration into tissues of patients with
septic shock is impaired, possibly up to
five to ten times lower than in healthy

volunteers, although in other patients
with sepsis but without shock there
seems to be a less significant effect on
tissue concentrations (47–49). Therefore,

dosing of antibiotics at high doses is
probably required to maximize antibiotic
penetration, particularly in patients with
shock, although data to support this is
currently lacking.

The potential pharmacokinetic vari-
ability for many antibiotics requires the
clinician to develop dosing strategies that
account for altered pharmacokinetics and
pathogen susceptibility studies in each
patient. Such individualized dosing may
facilitate optimized patient outcomes.
Ongoing evaluations of sickness severity
can facilitate timely adjustment of antibi-
otic dosing.

Specific Antibiotic Classes

General pharmacokinetic and phar-
macodynamic characteristics will be con-
sidered for aminoglycosides, !-lactams,
glycopeptides, fluoroquinolones, lincos-
amides as well as tigecycline, linezolid,
and colistin. The clinical application and
dosing implications of these properties
for critically ill patients will also be ad-
dressed. Table 2 describes the potential
altered pharmacokinetics of these antibi-
otics in critically ill patients.

Figure 3. Schematic representation of the basic pathophysiological changes that can occur during sepsis
and their subsequent pharmacokinetic effects. Note that there can be significant overlap between the
groups above enabling multiple permutations for altered drug pharmacokinetics, e.g. patients with
mild-to-moderate renal failure may develop increased transintestinal clearance of ciprofloxacin resulting in
relatively normal plasma concentrations (39). CL, clearance; Vd, volume of distribution.

Table 2. General PK characteristics of various antibiotics and possible changes that can occur during fluid shifts in critically ill patients

Antibiotic Class Vd (L/kg)

Increased
Vd with

Fluid
Shifts?

Decreased
Cmax with

Fluid
Shifts? Plasma T1/2 (hrs) Protein Binding

Altered CL in
Critically Ill? TDM Required?

Aminoglycosides
(61, 62, 67)

0.2–0.3 (consistent
with extracellular
water)

Yes Yes 2–3 Low Varies proportionately
with renal function

Yes, to ensure high
Cmax and
adequate CL

!-lactams (33,
70, 155, 156)

Variable but
consistent with
extracellular
water

Yes Yes 0.5–2 (except
ceftriaxone 6–9
hrs)

Low (except ceftriaxone
and oxacillin)

Varies proportionately
with renal function
(some exceptions)

No

Carbapenems
(90, 91)

Variable but
consistent with
extracellular
water

Yes Yes 1 (except
ertapenem 4
hrs)

Low (except
ertapenem)

Varies proportionately
with renal function

No

Glycopeptides
(17, 105)

0.2–1.6 (consistent
with extracellular
water)

Yes Yes 4–6 (vancomycin)
80–160

(teicoplanin)

30% to 55%
(vancomycin) 90%

(teicoplanin)

Varies proportionately
with renal
function. Increased
teicoplanin CL in
hypoalbuminemia

Yes, to ensure
plasma Cmin "15
mg/mL

Tigecycline
(132–134)

7–10 Unlikely Unlikely 37–66 73% to 79% May decrease with
cholestasis

No

Clindamycin
(138, 140)

0.6–1.2 No Yes 1.5–5 65% to 90% Decreased hepatic CL No

Linezolid (130) 0.5–0.6 Yes Yes 3.5–7 31% PK changes in critical
illness probably not
clinically
significant

No

Colistin (143,
146, 147)a

0.18–1.5 (assuming
60 kg patient)

Likely Likely 2–7.4 Unknown Varies proportionately
with renal function

No

Vd, volume of distribution; CL, clearance; PK, pharmacokinetic; TDM, therapeutic drug monitoring.
aVery little accurate pharmacokinetic data exists for colistin because of a lack of reliable analytical methods (141).
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Figure 1.
The spectrum of critical illness-related altered pathophysiology and its effects on drug
concentrations.
Legend: CL – clearance; Vd volume of distribution; RRT – renal replacement therapy;
ECMO – extracorporeal membrane oxygenation
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Summary
Infections in critically ill patients are associated with persistently poor clinical outcomes. These
patients have severely altered and variable antibiotic pharmacokinetics and are infected by less
susceptible pathogens. Antibiotic dosing that does not account for these features is likely to result
in sub-optimal outcomes. In this paper, we review the patient- and pathogen-related challenges
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Starší pacient na ICU
Snížená renální clearance a prodloužení poločasu —> riziko akumulace.


Změněný distribuční objem (Vd): Stárnutí snižuje celkový obsah tělesné vody o 10–15 
% a zvyšuje obsah tuku o 20–38 % ——> snižení Vd hydrofilních beta-laktamů a zvýšení 
maximální plazmatické koncentrace x zvýšením Vd v důsledku kapilární leak a přesuny 

tekutin.


Zvýšená koncentrace volné frakce: Vazba na plazmatické bílkoviny se s věkem snižuje 
v důsledku snížených hladin plazmatických bílkovin - zvyšení koncentrace volného 

(aktivního) léku a potenciálně se zvyšuje jak účinnost, ale i toxicita.


Farmakodynamické aspekty: Beta-laktamy (% fT > MIC) ——> standardní dávkování 
často k nepředvídatelné a vysoce variabilním koncentrace beta-laktamu, 


Klinické důsledky: 1/3 dosáhne cílového terapeutického rozmezí při standardním 
dávkování. Riziko neurotoxicity x selhání léčby a rozvoj rezistence.



Obézní pacient 
Vysoká variabilita sérových koncentrací: koeficienty variace v rozmezí od 50 % do 92 % u 

různých léků.


Subterapeutické a supraterapeutické hladiny: Standardní dávkování beta-laktamů —-> 
nedostatečným sérovým koncentracím - 32 % a předávkovaným koncentracím u přibližně 25 %. 

T


Nižší sérové ​​koncentrace některých léků: bezita může snižuje expozici léku u některých beta-
laktamů (ABW x IBW vs. AdjBW)


Úloha zvýšené renální clearance: vyšší eliminace


Klinický dopad: Obézní pacienti léčení beta-laktamy mají vyšší míru selhání klinické léčby 

Farmakokinetické změny: Obezita mírně zvyšuje distribuční objem beta-laktamů a může 
ovlivnit clearance, ale důkazy nepodporují rutinní zvyšování dávky pouze na základě obezity.



Vazba na plasmatické proteiny

unbound concentration stabilizes. The clinical conse-

quences of this may be negligible depending on the dis-
tribution and clearance of the drug as well as the changes to

the unbound concentration relative to the concentrations

required for therapeutic effect. Similar data have previ-
ously been shown for ceftriaxone [10] and carbamazepine

[11] amongst other drugs.

5 What Causes Changes in Protein Binding?

There are many patient presentations that will affect protein

binding (Fig. 3). The likelihood of altered protein binding is
more common in some patient populations such as burn injury

patients, cancer, diabetes mellitus, liver and renal disease.

Whether a drug will be affected in these cases depends on
whether it is acidic or basic and whether it binds to albumin

(typically acidic drugs) or an acute-phase reactant protein such

as a1-acid glycoprotein (typically basic drugs). Some patient
populations have been less well studied, although a similar

prevalence of altered albumin concentrations is apparent. For

instance, the SAFE (Saline versus Albumin Fluid Evaluation)
study defined hypoalbuminaemia as an albumin concentration

less than 25 g/L and reported that this was present in 40–50 %

of critically ill patients in this study [12]. Likewise, a very high
incidence of hypoalbuminaemia was observed in 200 criti-

cally ill patients with cancer, 45 % of whom had plasma

albumin concentrations less than 20 g/L [1]. This suggests
that altered protein binding is likely to be common for highly

protein bound drugs in these acutely ill patients. Data from the

antibacterials ceftriaxone, teicoplanin, cefazolin and fluclox-
acillin confirm these problems [5, 13–18] and we provide

some example data in Fig. 4. Suffice to say, altered protein

binding may occur in any of the patient groups described in

Fig. 3, although the extent and clinical consequences of this
may not necessarily be significant.

Temperature and pH are also reported to affect protein

binding. It is important to note that changes mediated by
either of these environmental conditions are unlikely to be

sufficient in clinical treatment to cause a change in the

unbound concentration that is likely to affect the success of
therapy. Some variation is expected to be seen in protein

binding, but it would not significantly exceed typical inter-
subject variability [19–21]. This area has been reviewed in

detail by Hinderling and Hartmann [20] who hypothesized

few likely clinical sequelae from pH changes, with clini-
cally relevant protein binding from pH changes only pro-

posed for fentanyl and lidocaine. The available data do

emphasize the importance of replicating in vivo tempera-
ture and pH conditions in an in vitro setting if reliable

prediction of in vivo effects of changes in protein binding

is to be achieved [22].
The clinical relevance of drug displacement interactions

has also been the source of controversy. In this context, it is

considered that the presence of a newly introduced drug will
displace from protein binding sites a drug already present in

the system. What is certain is that these drug displacement

interactions can occur. The consequence of any changes in
unbound concentration should be interpreted as for protein

binding changes caused by changes in protein concentration,

pH or temperature. It follows that a drug displacement inter-
action will be far more likely to be problematic for therapy

with a high CLint than for a drug with a low CLint. That is,

clinical relevance will be determined by the pharmacoki-
netics/pharmacodynamics of the drug as described in Sect. 6

and 7.

Altered albumin binding

Low albumin Normal albumin

Decreased production
- Acute phase (stress,
  injury, SIRS)
- Hepatic disease
- Malnutrition
- Aging
- Malignancies

Capillary leakage from
serum to tissues
- Burns
- SIRS
- Pregnancy
- Diabetes mellitus
- Pulmonary oedema

Increased elimination
- Nephrotic syndrome
- Burns (wound loss)
- Iatrogenic binding to
  starch

Deplacement by 
endogen molecules
- Bilirubin
- Urea
- Other waste products
  (e.g. hippuric acid)
- Free fatty acids
- Hormones

Deplacement/modification
by exogen molecules
(drugs)
- Highly bound antibacterials
- Other drugs (e.g. aspirin,
  frusemide)

Fig. 3 Main factors responsible for alterations in drug–albumin binding [52]. SIRS systemic inflammatory response syndrome

4 J. A. Roberts et al.

For clearance, drug removal is governed by blood flow

of the eliminating organ (Q), fu and intrinsic clearance

(CLint), which may vary in the presence of enzyme or renal
tubular secretory activity. Clearance (CL) can be calculated

using Eq. 2:

CL =
Qðfu " CLintÞ

Q + (fu " CLintÞ
ð2Þ

For a drug cleared predominantly by glomerular

filtration, clearance will increase significantly with an
increase in renal blood flow because of a typically high

CLint and/or with an increase in the unbound fraction.

The influence of unbound concentration on clearance was
well demonstrated in a group of critically ill patients

treated with the highly protein bound antibacterial

teicoplanin, with a significant inverse relationship
between drug clearance and albumin concentrations

observed [8].

From Eqs. 1 and 2, it is evident that a decrease in pro-
tein binding will lead to an increased Vd and increased

clearance for drugs with high CLint. Data on individual

drugs may be required to determine the magnitude of any
changes in pharmacokinetic parameters and whether these

translate to the need for altered dosing regimens.

4 Does the Unbound Fraction Change in the Same
Dosing Interval at Different Antibacterial
Concentrations?

It is unlikely for a drug to have the same unbound fraction
(or unbound concentration) at all times because after

administration, particularly bolus parenteral administra-

tion, the very high concentrations in plasma in this initial
phase will result in disproportionately higher unbound

concentrations until binding to plasma proteins can occur.

This is illustrated in Fig. 2, where the unbound fraction of
cefazolin is shown throughout a dosing interval [9]. In this

example, the unbound fraction is highest early in the dos-

ing interval and then as the process of drug–protein binding
equilibration occurs (as well as other pharmacokinetic

processes such as distribution), the unbound fraction and

Bloodstream

Bound fraction

Central compartment

Unbound fraction

Central compartment

kb

kub

k12

k21

kout

Unbound fraction

Peripheral compartment

kin

Bound fraction

Peripheral compartment

kb’ kub’

Fig. 1 The equilibrium between unbound, bound and distributed
drug in the body in a two-compartment model. The bloodstream is the
central compartment and the peripheral compartment represents the
extravascular tissues where the drug distributes from the central
compartment. kin corresponds to the absorption constant (in oral
administration) or the infusion rate (in intravenous infusion), k12

corresponds to the constant that describes the movement of drug from
the central compartment (1) to the peripheral compartment (2). k21

describes the movement from the peripheral compartment(s) back to
the central compartment. kb and kub describe the equilibrium between
bound and unbound drug, respectively, and albumin in the

bloodstream. kb and kub will depend on the binding affinity. kb0 and
kub0 describe the equilibrium between bound and unbound drug and
albumin in the peripheral compartment where binding can occur to
extravasated albumin or to cell membranes (including intracellular
distribution). The albumin binding equilibrium will displace depend-
ing on the plasma albumin concentration and the plasma drug
concentration. kout corresponds to the elimination constant from the
central compartment. Adapted from Ulldemolins et al [5], with
permission from Springer International Publishing AG (! 2011. All
rights reserved)
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Fig. 2 Change in the fraction of unbound cefazolin in plasma during
a single dosing interval (1,000 mg 30-min intravenous infusion) in
critically ill patients (n = 11) with traumatic soft tissue injuries [9].
The figure shows that a higher unbound fraction is present in the first
phase following drug administration. The grey squares are the
observed unbound fraction of cefazolin for each patient at each
timepoint and the solid line is the line of best fit for the two-phase
decay in unbound fraction

Clinical Relevance of Altered Protein Binding 3



‘lung/metabolism’). Also, a separate search was performed for
each drug or drug class included in this review, for example
‘aminoglycoside’ AND (‘Tissues/metabolism’ OR ‘Bone and
Bones/metabolism’ OR ‘Blood-Brain barrier/metabolism’ OR
‘lung/metabolism’ OR ‘tissue penetration’ OR ‘tissue concen-
tration’). Papers written in English were screened for relevant
information, as well as the references listed in the relevant
articles. The search was limited to data on human adults.

3. Factors affecting tissue concentrations

Once antibiotic molecules enter the systemic circulation, they
distribute from blood to extravascular sites (Figure 1). Briefly, the
antibiotic molecules pass through the blood capillary wall and
enter the interstitial fluid. Most tissues have capillary walls that
contain pores (fenestrations) large enough to allow free diffusion
of small molecules from the bloodstream to the interstitial fluid [6].
The driving force for this diffusion is the concentration gradient of
unbound antibiotic molecules across the capillary wall.

Some antibiotic molecules are capable of passing across
cell membranes to enter tissue cells. The cell membrane is
made up mostly of a double layer of phospholipids, which are
amphiphilic (partly hydrophilic and partly lipophilic). As the
cell membrane faces aqueous solutions on both sides, the
hydrophilic ‘heads’ point out either side of the membrane
whilst the lipophilic tails face each other in the middle [7].

The rate and extent of antibiotic distribution to both inter-
stitial fluid and tissue cells depend on multiple factors includ-
ing drug characteristics (molecular weight, protein binding,
lipid solubility and degree of ionization), target tissue charac-
teristics (membrane function and vascularization of the tissue),
the presence or absence of inflammation and whether or not
the patient is in septic shock.

3.1. Drug characteristics

Protein binding affects the movement and tissue distribution
of antibiotic molecules. When bound to large proteins such as
albumin, which has a molecular weight of 66,500 daltons (Da),
antibiotics cannot move across the capillary wall. It is only the
non-protein bound (or free) portion of antibiotics that can
diffuse through fenestrations in the capillary walls into the
interstitial fluid, with smaller molecules diffusing more easily
than larger ones [6,8,9]. Antibiotic lipophilicity is also relevant
as lipophilic substances are able to diffuse across the blood
capillary wall by traversing through capillary endothelial cells
as opposed to hydrophilic substances, which generally move
only through capillary wall fenestrations [10]. Degree of ioni-
zation is another important consideration as several antibio-
tics, for example, beta-lactams, are weak acids that dissociate
at physiological pH. These ionized forms are not lipid soluble
and thus penetrate less easily through lipid membranes [11].

3.2. Target tissue characteristics

Tissue characteristics may have a profound influence on antibio-
tic distribution. For example, there is a lack of capillary fenestra-
tions in the central nervous system (CNS) and lungs, thus

Article highlights

● Antibiotic tissue penetration and distribution depend on various
factors; drug characteristics (molecular weight, protein binding, lipid
solubility and degree of ionization), target tissue characteristics
(membrane function and vascularization of the tissue) and the pre-
sence or absence of inflammation

● In general, small (<1000 Da) lipophilic agents with low protein
binding show a high degree of tissue penetration and are capable
of entering and readily accumulating in tissue cells. Conversely,
hydrophilic agents tend to remain in the interstitial fluid and do
not enter tissue cells

● Agents with a high molecular weight and highly protein bound
agents show a lower degree of tissue penetration

● For agents with a wide therapeutic range and where tissue to serum
concentration ratios are small, increasing systemic doses may result
in adequate tissue concentrations without significantly increasing the
risk of toxicity

● More robust investigation on the relationship between tissue con-
centrations and clinical outcome is required, with target concentra-
tions from in vitro infection models yet to be validated in vivo

Figure 1. Schematic presentation of antibiotic diffusion into tissues. Unbound antibiotic molecules leave the vascular system by passive diffusion and enter the
interstitial fluid where protein binding may occur. Some antibiotic agents are capable to penetrate intracellularly. Figure based on [11].
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4.2.2. Fluid in specific compartments
Sites such as the ELF and CSF provide reliable data about drug
penetration because of their usual lack of blood contamina-
tion. However, the invasive nature of procedures used to
obtain these fluids, bronchoalveolar lavage (BAL) and lumbar
puncture, respectively, limits the number of samples that can
be obtained per patient. An alternative for BAL is bronchial
microdialysis, which allows for multiple samples per patient to
be obtained. Insertion of the microdialysis probe in the lungs,
however, is also an invasive procedure, limiting its use to
patients undergoing thoracic surgery [38]. For patients with
an external ventricular drain, multiple CSF samples per patient
can be obtained [14].

5. Interpretation of tissue concentrations

5.1. Tissue penetration ratio

A widely used term to express the degree of antibiotic dis-
tribution into tissue is the ‘tissue penetration ratio’; this is the
ratio of drug concentrations between tissue and serum.
Several factors other than tissue penetration, however, can
markedly influence this ratio, and these should be considered
when interpreting these values.

5.1.1. Time of sampling
Tissue penetration ratios can be either calculated from single,
simultaneously obtained single concentrations or from the AUCs
in tissue and serum. In the vast majority of tissue penetration
studies, homogenizedwhole tissue samples have been used, and
usually only one tissue sample, simultaneously with a serum
sample, is obtained per patient. The shape of antibiotic concen-
tration–time curves in serum and tissue differs, whereby serum
concentrations are decreasing at the same time that tissue con-
centrations are rising (i.e. system hysteresis). Also, tissue peak
concentrations are usually lower and occur later than in serum,
while tissue trough concentrations are higher than those in
serum. Moreover, there are substantial differences in the con-
centration-time profiles of antibiotic agents in interstitial fluid
and in tissue cells (Figure 2). Therefore, the perceived penetration

of an antibiotic into an extravascular site may be low if the tissue
penetration ratio is calculated based on samples obtained shortly
after administration, but appears much higher if sampling is
delayed until serum concentrations have fallen and tissue con-
centrations are still rising.

It has been shown that the mode of administration influ-
ences the rate at which antibiotics enter an extravascular site,
where intermittent administration results in more rapid attain-
ment of high extravascular concentrations than does contin-
uous infusion [39–41]. This is in line with the finding that
diffusion over the capillary wall is driven by the concentration
gradient, meaning that high concentrations in serum, reached
with rapid infusion, result in a higher concentration gradient
and thus more diffusion via the capillary wall. This suggests
that a loading dose preceding continuous infusion may be
a rational approach to reach adequate tissue concentrations
within a short timeframe.

The concentration of an antibiotic at an extravascular site is
influenced by the number of doses administered, where multi-
ple doses result in considerably higher extravascular antibiotic
concentrations than do single doses. This is because it takes
longer to reach steady-state concentrations in extravascular
sites than in serum [42], particularly when dosing frequency is
shorter relative to the serum half-life of the drug [43].

Although labor intensive, perhaps the best way to calculate
the tissue penetration ratio is by means of repeated sample
collection in serum and tissue within a dosing interval so that
the AUC in both serum and tissue can be calculated. Sampling
should ideally occur once steady state has been reached,
however, it is difficult to predict what number of doses need
to be administered before steady state is reached at target
tissue sites. A small study investigating cefotaxime and cefti-
zoxime in rabbits found that at least 14 times the half-life of
the drug had passed before equilibrium between CSF and
serum concentrations was established [42].

5.1.2. Total versus unbound antibiotic concentrations
With microdialysis, only unbound antibiotic concentrations are
measured. When tissue homogenates are used, usually total
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Figure 2. Schematic figure showing the concentration–time curve after the intravenous drug administration. The concentration–time curves for serum, interstitial
fluid, and tissue cells are depicted. Figure based on [30].

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 627

REVIEW
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ABSTRACT
Introduction: Since the majority of bacterial infections occur at sites outside the bloodstream, anti-
biotic tissue concentrations are of significant relevance to optimize treatment. The aim of this review is
to aid the clinician in choosing optimal regimens for the treatment of extravascular infections.
Areas covered: We discuss the principles of antibiotic tissue penetration and assess different
approaches to obtain data on this subject. Finally, we present tissue penetration data for several
relevant groups of antibiotic agents in a number of extravascular sites. Data were obtained from an
extensive literature search in PubMed until February 2019.
Expert opinion: There is still a long way to go before reliable information about tissue penetration of
antibiotics is sufficiently available to serve as a basis for the design of optimal strategies for drug and
dose selection. At this moment, there is a lack of robust data on tissue penetration, where both the
sampling and measurement techniques as well as the relationship between tissue concentrations and
clinical outcome of antibiotic treatment have to be better defined.
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1. Introduction

Since it is not targeting one type of drug receptor located in
a particular organ, but multiple living bacteria that can be
found at different sites in the body, antibiotic treatment differs
from other general drug treatments. It is of paramount impor-
tance that the antibiotic agent is capable of reaching the
infection site in order to kill or inhibit the growth of the
targeted bacteria. Pharmacokinetic/pharmacodynamic (PKPD)
relationships have been investigated for most classes of anti-
biotics, whereby serum antibiotic concentrations are linked to
a microbiological or clinical effect either in vivo or in vitro [1,2].
The majority of infections, however, occur outside of this
central compartment. For these infections, serum concentra-
tions are used as surrogate values for infection site concentra-
tions, largely due to the difficulty in obtaining local tissue
concentrations. Although serum concentrations show some
degree of consistency at a population level, patients may not
achieve a positive clinical outcome despite having adequate
antibiotic serum concentrations [3–5]. It is to be expected that
concentrations at the site of infection are better predictors of
clinical outcome and it stands to reason that enhanced knowl-
edge on the rate and extent of distribution of antibiotic agents
into tissues is of considerable importance.

Transport of antibiotic agents to tissues and subsequent
distribution within the tissue, i.e. in the interstitial fluid (the
extracellular fluid of a tissue) and/or tissue cells, depends on
various factors, including characteristics of the drug, the

patient and disease (severity of illness and inflammation) and
the target tissue. Improved knowledge of these factors is
becoming essential for the development of efficacious anti-
biotic treatment regimens in the face of decreasing bacterial
pathogen susceptibilities, where there are high risks of ther-
apeutic failure and bacterial resistance.

The purpose of this review is to discuss the principles of
antibiotic tissue penetration and distribution in humans and
to present an overview of drug characteristics influencing
tissue penetration. Moreover, we will discuss different
approaches used in studies to obtain data on antibiotic tissue
penetration and distribution; whole tissue samples (e.g. surgi-
cal biopsies), where usually only one sample per patient can
be obtained, and tissue fluid models that allow for the collec-
tion of multiple samples in the same individual. Finally,
a review of tissue penetration data for relevant groups of
antibiotic agents will be presented. This all with the purpose
of making clinicians aware of the caveats associated with
measurement and reporting of tissue penetration values and
aiding them to choose an optimal antibiotic dosing regimen
for the treatment of extravascular bacterial infections.

2. Search strategy

A structured literature search was performed in PubMed (until
February 2019), using the following search MeSH terms: ‘Anti-
infective agents’ AND (‘Tissues/metabolism’ OR ‘Bone and
Bones/metabolism’ OR ‘Blood-Brain barrier/metabolism’ OR
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identification of patients meeting the Sepsis-3 criteria 
for sepsis [57].

Hence, antibiotics are mostly used empirically in ICU 
patients [58]. A provocative before–after study, how-
ever, suggested that aggressive empirical antibiotic use 
might be harmful in this population [59]. In fact, a con-
servative approach—with antimicrobials started only 

after confirmed infection—was associated with a more 
than 50% reduction in adjusted mortality as well as 
higher rates of appropriate initial therapy and shorter 
treatment durations.

Biomarkers may help to identify or—perhaps more 
importantly—rule out bacterial infections in this set-
ting, thus limiting unnecessary antibiotic use and 

Fig. 2 Drivers of antimicrobial resistance in the ICU. MDRB multidrug-resistant bacteria, ASP antimicrobial stewardship programs, ICP infection 
control programs. “Direct” selection pressure indicates the selection of a pathogen with resistance to the administered drug. Green vignettes indi-
cate the positioning of countermeasures. ASP may notably encompass every intervention aimed at limiting the ecological impact of antimicrobials 
agents, including rationalized empirical initiation, choice of appropriate drugs with the narrowest spectrum of activity (especially against resident 
intestinal anaerobes) and minimal bowel bioavailability, and reduced treatment duration [173]. ICP may include educational interventions to ensure 
a high level of compliance to hand hygiene and other standard precautions, targeted contact precautions in MDRB carriers (e.g., carbapenemase-
producing Enterobacteriaceae), appropriate handling of excreta, and environment disinfection [167]

Table 1 Determinants of increased risk of MDRB infection at ICU admission and during the ICU stay

MDRB multidrug-resistant bacteria, ICU intensive care unit

*Especially if agents with broad-spectrum and/or potent activity against intestinal anaerobes

Predictors of MDRB infection At ICU admission During the ICU stay

Patient features Co-morbid illness/immunosuppression/recent hospital and/or ICU stay Higher severity of acute illness/Invasive 
interventions

Type of infection Hospital-acquired > healthcare-associated > community-acquired ICU-acquired > others

Antimicrobial selection pressure Prior antibiotics*/antifungals Antibiotics*/antifungals in the ICU

Colonization status Previously documented colonization with MDRB In-ICU acquisition of MDRB

Local epidemiology Epidemiology of MDRB in community/hospital/areas recently traveled to Local epidemiology of MDRB in the ICU

Infection prevention measures Poor hygiene practices in hospital Poor hygiene practices in the ICU

Intensive Care Med
https://doi.org/10.1007/s00134-019-05520-5
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Abstract 
The massive consumption of antibiotics in the ICU is responsible for substantial ecological side effects that promote 
the dissemination of multidrug-resistant bacteria (MDRB) in this environment. Strikingly, up to half of ICU patients 
receiving empirical antibiotic therapy have no definitively confirmed infection, while de-escalation and shortened 
treatment duration are insufficiently considered in those with documented sepsis, highlighting the potential benefit 
of implementing antibiotic stewardship programs (ASP) and other quality improvement initiatives. The objective of 
this narrative review is to summarize the available evidence, emerging options, and unsolved controversies for the 
optimization of antibiotic therapy in the ICU. Published data notably support the need for better identification of 
patients at risk of MDRB infection, more accurate diagnostic tools enabling a rule-in/rule-out approach for bacte-
rial sepsis, an individualized reasoning for the selection of single-drug or combination empirical regimen, the use of 
adequate dosing and administration schemes to ensure the attainment of pharmacokinetics/pharmacodynamics 
targets, concomitant source control when appropriate, and a systematic reappraisal of initial therapy in an attempt to 
minimize collateral damage on commensal ecosystems through de-escalation and treatment-shortening whenever 
conceivable. This narrative review also aims at compiling arguments for the elaboration of actionable ASP in the ICU, 
including improved patient outcomes and a reduction in antibiotic-related selection pressure that may help to con-
trol the dissemination of MDRB in this healthcare setting.

Keywords: Antibiotic stewardship, Antimicrobial resistance, Empirical therapy, Critical illness, Carbapenem, Outcome, 
Sepsis

Introduction

Antibiotics are massively used in ICUs around the world 
[1]. While the adequacy and the early implementation 
of empirical coverage are pivotal to cure patients with 
community- and hospital-acquired sepsis, antimicro-
bial therapy is not always targeted and, in more than one 
out of two cases, may be prescribed in patients without 

confirmed infections. Moreover, antibiotic de-escala-
tion is insufficiently considered. "e resulting selection 
pressure together with the incomplete control of cross-
colonization with multidrug-resistant bacteria (MDRB) 
makes the ICU an important determinant of the spread 
of these pathogens in the hospital. As instrumental con-
tributors of antimicrobial stewardship programs (ASP), 
intensivists should be on the leading edge of conception, 
optimization, and promotion of therapeutic schemes for 
severe infections and sepsis, including the limitation of 
antimicrobial overuse.

In this narrative review based on a literature search 
(MEDLINE database) completed in September 2018, 
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1 Medical and Infectious Diseases ICU, APHP, Bichat-Claude Bernard 
Hospital, 46 Rue Henri-Huchard, 75877 Paris Cedex 18, France
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toxicity than previously reported. Several questions 
remain incompletely addressed, including the need and 
type of combination therapies, optimal dosing regimen, 
ways to prevent the emergence of resistance, and role of 
aerosolized therapy. Fosfomycin may also have a role in 
these infections.

Drugs newly approved or in late development phase 
mainly include ceftolozane–tazobactam, ceftazidime–
avibactam, ceftaroline–avibactam, aztreonam–avibac-
tam, carbapenems combined with new beta-lactamase 
inhibitors (e.g., vaborbactam, relebactam), cefiderocol, 
plazomicin, and eravacycline (Table 4). "ese drugs have 
mainly been tested in complicated urinary tract infec-
tion, complicated intra-abdominal infections (cIAI), or 
skin and soft tissue infection (SSTI). Limited data are 
currently available in ICU patients [95], notably for dos-
ing optimization in severe MDRB infections. Piperacil-
lin–tazobactam appears less effective than carbapenems 
in bloodstream infections caused by ESBL-E [96, 97]; 
however, ceftolozane–tazobactam and ceftazidime–avi-
bactam might be considered as carbapenem-sparing 
options for treatment of such infections in areas with 

high prevalence of CRE. "e actual question is should we 
still save carbapenems instead of saving new antibiotics?

In addition to glycopeptides, long-established antibiot-
ics with activity against MRSA mainly include daptomy-
cin (e.g., for bloodstream infections) and linezolid (e.g., 
for hospital-acquired pneumonia, HAP) [98, 99]. "ese 
alternatives may be preferred in patients with risk factors 
for AKI. Daptomycin appears safe even at high doses and 
in prolonged regimens, with rhabdomyolysis represent-
ing a rare, reversible side effect. Conversely, linezolid has 
been linked with several adverse events most often asso-
ciated with specific risk factors (e.g., renal impairment, 
underlying hematological disease, or extended therapy 
duration), suggesting a role for TDM in patients at high 
risk of toxicity. Next, “new-generation” cephalosporins 
such as ceftaroline and ceftobiprole have been approved 
for the treatment of MRSA infections and seem prom-
ising in overcoming the limitations associated with the 
older compounds. Other new agents with activity against 
MRSA include lipoglycopeptides (dalbavancin, orita-
vancin, and telavancin), fluoroquinolones (delafloxacin, 
nemonoxacin, and zabofloxacin), an oxazolidinone (tedi-
zolid), a dihydrofolate reductase inhibitor (iclaprim), and 

Fig. 3 Sequential optimization of antimicrobial pharmacokinetics in critically ill patients. In obese patients, dosing regimen should be adapted 
on the basis of lean body weight or adjusted body weight for hydrophilic drugs (e.g., beta-lactams or aminoglycosides) and on the basis of lean 
body weight for lipophilic drugs (e.g., fluoroquinolones or glycylcyclines)—see Ref. [174] for details. Dosing regimens for the first antibiotic dose 
(unchanged, increased, or doubled) are proposed by comparison with those usually prescribed in non-critically ill patients. PD pharmacodynamics, 
MIC minimal inhibitory concentration, AUC area under the curve, ARC augmented renal clearance, TDM therapeutic drug monitoring, AKI acute 
kidney injury, CRRT continuous renal replacement therapy, CrCL creatinine clearance
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Abstract 
Background To perform a systematic review with meta-analysis with the dual intent of assessing the impact 
of attaining aggressive vs. conservative beta-lactams PK/PD target on the clinical efficacy for treating Gram-negative 
infections in critical patients, and of identifying predictive factors of failure in attaining aggressive PK/PD targets.

Methods Two authors independently searched PubMed-MEDLINE and Scopus database from inception to 23rd 
December 2023, to retrieve studies comparing the impact of attaining aggressive vs. conservative PK/PD targets 
on clinical efficacy of beta-lactams. Independent predictive factors of failure in attaining aggressive PK/PD targets 
were also assessed. Aggressive PK/PD target was considered a100%fT>4xMIC, and clinical cure rate was selected as pri-
mary outcome. Meta-analysis was performed by pooling odds ratios (ORs) extrapolated from studies providing adjust-
ment for confounders using a random-effects model with inverse variance method.

Results A total of 20,364 articles were screened, and 21 observational studies were included in the meta-analysis 
(N = 4833; 2193 aggressive vs. 2640 conservative PK/PD target). Attaining aggressive PK/PD target was significantly 
associated with higher clinical cure rate (OR 1.69; 95% CI 1.15–2.49) and lower risk of beta-lactam resistance develop-
ment (OR 0.06; 95% CI 0.01–0.29). Male gender, body mass index > 30 kg/m2, augmented renal clearance and MIC 
above the clinical breakpoint emerged as significant independent predictors of failure in attaining aggressive PK/PD 
targets, whereas prolonged/continuous infusion administration of beta-lactams resulted as protective factor. The risk 
of bias was moderate in 19 studies and severe in the other 2.

Conclusions Attaining aggressive beta-lactams PK/PD targets provided significant clinical benefits in critical patients. 
Our analysis could be useful to stratify patients at high-risk of failure in attaining aggressive PK/PD targets.

Keywords Critically ill patients, Beta-lactams, Aggressive PK/PD target attainment, Clinical efficacy, Risk score for 
failure in attaining aggressive PK/PD target
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beta-lactams may be crucial, especially in case of severe 
infections. Some guidance recommended that aggressive 
PK/PD target attainment should be assessed promptly 
when dealing with patients having sepsis and/or sep-
tic shock [14, 39]. In this regard, it should be noticed 
that almost two-thirds of the studies included in PICO 
1 fully fulfilled with this recommendation by assessing 
first aggressive PK/PD target attainment of beta-lactams 
within 72 h from starting treatment.

It should also be recognized that the need of attaining 
aggressive PK/PD target of beta-lactams may be affected 
by some underlying conditions, namely the infection site 
and/or the magnitude of the bacterial load. #is approach 
should be recommended especially when dealing with 
deep-seated infections having high-bacterial load, namely 
HAP and/or VAP, and could be less needed in case of uri-
nary tract infections having low bacterial load [40, 41]. 
Our meta-analysis first, by providing strong evidence 
that aggressive PK/PD target attainment may increase 
clinical efficacy of beta-lactams in terms of both clinical 
and microbiological outcome, may support the defini-
tive adoption of this aggressive PK/PD target in routine 
clinical practice when treating Gram-negative infections 
among the critically ill patients, as recently proposed by 
some guidance [4, 8, 14].

As a consequence of this, non-attaining aggressive PK/
PD target of beta-lactams, by being resulted significantly 
associated with an increased risk of microbiological fail-
ure, should be prevented as much as possible. Previous 
studies included in a recent narrative review showed 
that several factors may favor non-attaining of both con-
servative and aggressive PK/PD targets of beta-lactams 
[12]. Our meta-analysis is in agreement with most of 
these [12], as it showed that male gender, morbid obesity 
(namely BMI > 30  kg/m2), ARC and in  vitro resistance 
of the bacterial pathogen (namely MIC values above the 
clinical breakpoint) emerged as significant independ-
ent predictors of non-attaining aggressive PK/PD tar-
gets of beta-lactams. Conversely, prolonged/continuous 
infusion administration of beta-lactams resulted signifi-
cantly protective against this risk. #e added-value of our 
meta-analysis in this regard is that we first proposed a 
predictive risk score as helpful tool for supporting clini-
cians in promptly identifying which critically ill patients 
receiving standard beta-lactams dosing regimens could 
be at high-risk of non-attaining aggressive PK/PD tar-
get. #e patient profile at the highest risk resulted that 
of a morbidly obese critically ill male with ARC having 
a Gram-negative related infection caused by an in  vitro 
non-susceptible pathogen treated with a beta-lactam 

Fig. 2 Significant independent predictors of failure in attaining aggressive PK/PD targets of beta-lactams. A risk score ranging from − 2 to 6 
points was developed and proposed. ARC: augmented renal clearance; BMI: body mass index; CB: clinical breakpoint; MIC: minimum inhibitory 
concentration; OR: odds ratio; PK/PD: pharmacokinetic/pharmacodynamic
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and MIC are established, some confidence in the patient’s specific
pharmacokinetic profile is required to design an optimal and tar-
geted dose (11). Unlike the case for vancomycin and some amin-
oglycosides, however, the availability of assays to clinically test for
beta-lactam concentrations is limited. As a result, the clinical lab-
oratory plays a prominent and ever-growing part in institutional
antimicrobial stewardship (12) and therefore can offer solutions
for overcoming the above challenges.

This review will briefly introduce the concept of prolonged-
and continuous-infusion beta-lactam dosing and then discuss the
emerging opportunities for the clinical laboratory in achieving the
goal of individualized antibiotic therapy. In addition, practical
examples of optimizing beta-lactam dosing by way of nontradi-
tional infusions will be provided.

BETA-LACTAM PHARMACODYNAMICS
A comprehensive review of beta-lactam pharmacodynamics can
be found in historical publications (13). Briefly, beta-lactam anti-
biotics display concentration-independent, commonly referred to
as time-dependent, killing of bacteria. This means that once a
critical concentration is obtained, no further speed or extent of
killing is observed with increasing concentrations and that the
time that free drug concentrations remain above the MIC
(fT!MIC) becomes a better predictor of killing. The goal of ther-
apy, therefore, is to maximize the fT!MIC as a percentage of the
dosing interval. For each beta-lactam class, the percent fT!MIC
needed for maximizing efficacy is different. Maximal bacterial
killing for the penicillins, cephalosporins, carbapenems, and
monobactams, for example, occurs when the fT!MIC is approx-
imately 50 to 60%, 60 to 70% (14), 40% (15), and 50 to 60% of the
dosing interval, respectively (14). This is in contrast with concen-
tration-dependent antibiotics, including fluoroquinolones and
aminoglycosides, which exert maximal bacterial killing when their
peak concentration or area under the concentration-time curve in
a dosing period is maximized relative to the MIC (10). When given
intravenously, beta-lactams can be administered by three basic
strategies. The most prevalent is the traditional intermittent
schedule, which involves infusion of each fraction of the daily
dosage over a short time intervals, i.e., 5 to 60 min. When each
fraction of the daily dosage is infused over three or more hours,
this dosing strategy is referred to as a prolonged or extended infu-
sion. Of note, the terms prolonged and extended are used alter-
nately in the literature but are interchangeable. Finally, when all of
the drug daily dosage is administered without any interruption
over a dosing interval, the schedule is referred to as a continuous
infusion (7, 13–19). At certain MICs, prolonged and continuous
infusion schedules increase the T!MIC more than would other-
wise occur with a short intermittent infusion schedule (Fig. 1).
Additionally, a prolongation of the dosing interval would be espe-
cially beneficial when using agents with a short half-life, a charac-
teristic typical of many beta-lactam agents (13–19).

HISTORICAL REVIEW
It is of interest to briefly review the nonclinical studies that formed
the basis for the current understanding of prolonged and contin-
uous dosing of antibiotics. Over 65 years ago, studies by Eagle and
coworkers and Schmidt and coworkers in various animal models
of streptococcal infection demonstrated that frequent or contin-
uous dosing of penicillin G achieved a more rapid cure of the
infected animal than infrequent (i.e., once or twice daily) dosing

(20–22). Later studies pointed out the superior effect of continu-
ous infusion of penicillin G in models that used animals that were
either immunosuppressed or venom treated (23, 24). Animal and
in vitro studies conducted during the 1980s and early 1990s have
particularly emphasized the consistently greater efficacy of con-
tinuous infusion or more frequent dosing of beta-lactams against
Gram-negative bacteria. Although this supported the potential
advantage of using continuous and prolonged infusions, the clear
superiority of these methods over intermittent dosing had yet to
be demonstrated (25–37).

Many clinical studies assessing continuous and prolonged in-
fusion were conducted through the 1990s, but only a few were
clinical randomized controlled trials, mostly addressing only
pharmacologic endpoints (38–49), and only two reported pa-
tients’ outcomes. In 1979, Bodey and colleagues found that an
antibiotic combination containing continuous-infusion cefa-
mandole achieved the greatest cure rates in 490 febrile episodes
with neutropenia (48). In contrast, Lagast and colleagues observed
no statistical difference regarding outcome in favor of continuous
cefoperazone in 45 patients with Gram-negative sepsis (49).

Although the scientific rationale and the proof of concept seem
evident given data that accumulated from the development of
penicillin through the 1990s, the lack of supportive solid clinical
evidence and major practical issues delayed the incorporation of
nontraditional infusions into common clinical practice. Indeed,
prolonged or continuous infusion may reduce patient mobility,
demands prolonged and secured intravenous access, and requires
special equipment, including infusion pumps and sets. These
methods also demand a higher level of training and are more
labor-intensive. Possible instability and degradation of the antibi-
otic at room temperature, as exemplified by the carbapenems,
should also be considered, particularly with the case of the con-
tinuous-infusion strategy (50, 51).

CONTEMPORARY STUDIES
In sharp contrast to the above description, numerous nonclinical
experiments, clinical studies, and meta-analyses have been con-
ducted over the last 15 years in the area of nontraditional beta-
lactam dosing. A significant contribution to the field was the in-
troduction of advanced PD analyses of data collected from in vitro,
animal, and human studies, which also diminishes the need for
expensive, complicated clinical trials. The latter study methodol-
ogy is conducted by computerized simulations that use probabil-

FIG 1 Schematic plot demonstrating the effects of prolonged and continuous
beta-lactam infusion dosing regimens on the concentration-time curve and
time above an MIC, compared with traditional intermittent infusion.
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Low attainment to PK/PD‑targets 
for β‑lactams in a multi‑center 
study on the first 72 h of treatment 
in ICU patients
Anna‑Karin Smekal 1,2*, Mia Furebring 3, Erik Eliasson 4 & Miklos Lipcsey 1,5

Severe infections are life‑threatening conditions commonly seen in the intensive care units (ICUs). 
Antibiotic treatment with adequate concentrations is of great importance during the first days when 
the bacterial load is the highest. Therapeutic drug monitoring (TDM) of β‑lactam antibiotics has been 
suggested to monitor target attainment and to improve the outcome. This prospective multi‑center 
study in seven ICUs in Sweden investigated pharmacokinetic/pharmacodynamic‑target (PK/PD‑target) 
attainment for cefotaxime, piperacillin‑tazobactam and meropenem, commonly used β‑lactams in 
Sweden. A mid‑dose and trough antibiotic concentration blood sample were taken from patients 
with severe infection daily during the first 72 h of treatment. Antibiotic plasma concentrations were 
analysed by liquid chromatography‑mass spectrometry (LC–MS). Antibiotic concentrations 100% 
time above MIC (minimal inhibitory concentration), (100% T > MIC) and four times above MIC 50% of 
the time (50% T > 4xMIC) were used as PK/PD‑targets. We included 138 patients with the median age 
of 67 years and the median Simplified Acute Physiology Score 3 (SAPS3) of 59. Forty‑five percent of 
the study‑population failed to reach 100% T > MIC during the first day of treatment. The results were 
similar the following two days. There was a three‑fold risk of not meeting the PK/PD target if the 
patient was treated with cefotaxime. For the cefotaxime treated patients 8 out of 55 (15%) had at 
least one end‑dose concentrations below the level of detection during the study. Low age, low illness 
severity, low plasma creatinine, lower respiratory tract infection and cefotaxime treatment were risk 
factors for not reaching 100% T > MIC. In Swedish ICU‑patients treated with β‑lactam antibiotics, a 
high proportion of patients did not reach the PK/PD target. TDM could identify patients that need 
individual higher dosing regimens already on the first day of treatment. Further studies on optimal 
empirical start dosing of β‑lactams, especially for cefotaxime, in the ICU are needed.

Trial registration: The protocol was retrospectively registered 100216 (ACTRN12616000167460).

Abbreviations
ACCIS  Antibiotic concentrations in ill ICU-patients in Sweden
ICU  Intensive care unit
ID consultant  Infectious disease consultant
LC–MS  Liquid chromatography-mass spectrometry
LLOD  Lower level of detection
LRTI  Lower respiratory tract infections
MIC  Minimal inhibitory concentration
PK/PD  Pharmacokinetics/Pharmacodynamics
KRT  Kidney replacement therapy
SAPS3  Simpli!ed acute physiology score 3
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PK/PD targets attainments for cefotaxime, piperacillin and meropenem. In the whole cohort, 
62 of 138 (45%) patients did not reach 100% T > MIC on the !rst day of treatment. "e results were similar for 
the following days (Fig. 2a). When using 50% T > 4xMIC the results were even lower (Fig. 2b). "ere was no 
trend towards better target attainment results day 3 compared to day 1 regardless of which PK/PD-targets that 
was used.

For cefotaxime 58% (32/55) of the patients did not reach 100% T > MIC the !rst day (Fig. 2a). "e cor-
responding results for piperacillin-tazobactam were 39% (22/56) not reaching 100% T > MIC (Fig. 2a) and for 
meropenem 30% (8/27) (Fig. 2a). "e results for day 2 and 3 were comparable to day 1. Target attainment was 
lower when 50% T > 4xMIC was used as the PK/PD target, in particular in cefotaxime treated patients where 
almost 80% did not meet that target (Fig. 2b).

Risk factors for low or high target attainment. Increasing age, SAPS3 and plasma creatinine were 
associated with reaching target attainment of 100% T > MIC (Fig. 3), and KRT was associated with an eight-fold 
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Figure 2.  (A) Percentage achieved 100% T > MIC. (B) Percentage achieved 50% T > 4xMIC.
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The predicted fCss after 24, 48 and 72 h of treatment with 
CI, in relation to levels 4 × MIC for the two clinical scenarios, is 
shown in Figure 4. The corresponding target attainment evalu-
ation is summarized in Table S5. For the primary scenario, re-
gardless of antibiotic, the target fCss > 4 × MIC was reached 
in 100% of patients on Day 1. For the WCS the target was 
reached in 50% (27/54), 96% (54/56) and 93% (25/27) of the 
cefotaxime-, piperacillin/tazobactam- and meropenem-treated 
patients, respectively.

Since target attainment for all infusion scenarios for the WCS 
pathogen was especially low in the cefotaxime group, a patient 
population with 35% (19/54) burns patients, a sensitivity analysis 
of target attainment for this group was performed and showed 
no systematic bias (Figure S4).

Discussion
In this study, we present predictions of target attainment follow-
ing three different infusion strategies (short, extended and con-
tinuous) based on estimated individual PK parameters in a 
Swedish ICU cohort from a multi-centre study of 137 patients 
treated with cefotaxime, piperacillin/tazobactam or meropenem 
during the first 72 h of treatment. We found that the potential 
benefit in terms of PK/PD target attainment of switching from 
SI to EI or CI depends on the suspected causative pathogen 
and thus the clinical scenario of the patient. In addition, the pre-
dicted Cmin concentrations were linked to toxicity thresholds sug-
gested in the literature for SI and EI, indicating that potentially 
toxic levels remained low with both strategies.

For WCS pathogens and all three β-lactams evaluated, the 
fT > MIC as well as the proportion of patients reaching a target of 
100% fT > MIC improved as expected when switching from SI to 
EI. When applying CI and the recommended target of fCss > 4 ×  
MIC, the predicted target attainment was only slightly higher 
with CI than with EI, suggesting the approaches to be compar-
able, and practical and/or economical aspects may thus play a 

larger role in the selection of the strategy to be implemented.35

Regardless of whether using an EI or CI approach it was here 
shown that individual patients will still be below target in the 
WCS, and early TDM could be useful to identify these cases.

In the primary pathogen scenario, the predictions showed a 
high fT > MIC and target attainment already with SI, and the ad-
vantage of switching dosing regimen to EI was thus limited. 
However, for piperacillin/tazobactam, an advantage of EI over 
SI was observed for some individuals, and switching dosing regi-
men from SI to EI could in those cases be of value also for primary 
pathogens.

Importantly, for cefotaxime and the WCS pathogen 
Staphylococcus aureus, the median fT > MIC increased when 
prolonging the infusion (from 75% for SI to 93% for EI, and 
99% for CI on Day 1) but the predicted target attainment re-
mained low regardless of infusion duration, suggesting that 
prolonging infusions alone will not be sufficient to reach the PK/ 
PD targets selected in this study. For instance, applying the target 
of fCss > 4 × MIC in the CI predictions, only 50% of the patients in 
the cefotaxime group reached the target. When evaluating a 
wider range of dosing strategies (shorter dosing intervals, pro-
longed infusions and increased total daily doses), Minichmayr 
et al.36 found that increasing the total daily dose was the most 
important factor to reach the target when ceftaroline is used to 
treat high-MIC pathogens, suggesting that higher doses might 
be needed when S. aureus is treated with cefotaxime. Notably, 
cefotaxime has an active metabolite, desacetylcefotaxime, but 
the activity has been reported to be 2–16 times lower compared 
with cefotaxime.37

The toxicity thresholds used in this evaluation are based on 
uncertain and limited data. Even though the thresholds used 
for meropenem and piperacillin are in line with European consen-
sus recommendations,27 it should be noted that these thresholds 
reflect the Cmin where there is a 50% risk of developing neurotox-
icity or nephrotoxicity.28 Furthermore, no other drug exposure 
metrics (e.g. Cmax or AUC) were evaluated, which complicates 

Figure 1. Proportion of individuals predicted to attain target 100% fT > MIC (SI and EI) or fCss > 4 × MIC (CI) for the primary pathogen scenario (primary) 
and a worst-case pathogen scenario (WCS), at antibiotic treatment Day 1, applying different antibiotic infusion modes on the cefotaxime- (n = 54), 
piperacillin/tazobactam- (n = 56) and meropenem- (n = 27) treated patients. CI, continuous infusion; EI, extended infusion; fCss, free drug concentra-
tion at steady state; SI, short infusion.
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Objectives: This study aimed to predict the impact of different infusion strategies on pharmacokinetic/ 
pharmacodynamic (PK/PD) target attainment and the potential risk for toxicity in an ICU cohort treated with 
β-lactams. 

Method: Using collected patient data from 137 adult ICU patients, and applying population PK models, individ-
ual PK parameters were estimated and used to predict concentrations and target attainment following cefotax-
ime 2 g q8h, piperacillin/tazobactam 4.5 g q6h and meropenem 1 g q8h, applying 15 min short infusions (SI), 3 h 
extended infusions (EI) and 24 h continuous infusion (CI). The MIC level of the most common primary patho-
gens, and the worst-case scenario (WCS) pathogen, were used in analyses. 

Results: For primary pathogens, target was reached in 94% (129/137) using SI. For WCS pathogens treated with 
piperacillin/tazobactam and meropenem, 78% (65/83) and 92% (76/83) reached target using SI and EI, respect-
ively. However, target attainment was lower for cefotaxime [SI: 31% (17/54), EI: 44% (24/54)]. Overall, the num-
ber of individuals with potentially toxic concentrations was low, both in EI (n = 7) and SI (n = 5). For CI and WCS, 
target was reached in 50% (27/54), 96% (54/56) and 93% (25/27) for cefotaxime, piperacillin/tazobactam and 
meropenem, respectively. 

Conclusions: In a Swedish ICU cohort target attainment rates for primary pathogens were high regardless of in-
fusion strategy. In WCS pathogens, SI was insufficient, suggesting the benefit of routine use of EI or CI. However, 
for cefotaxime, target attainment remained low also with EI and CI. The use of CI might lead to unnecessarily high 
concentrations, but well-established toxicity levels are lacking and future studies are warranted.
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This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:// 
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the 
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other 
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information 
please contact journals.permissions@oup.com.

Introduction
The effect of β-lactam antibiotics has been associated with the 
duration of time the free antibiotic concentration exceeds the 
MIC ( fT > MIC) and prolonging infusion durations will lead to longer 
fT > MIC.1,2 Nowadays extended infusion (EI) or continuous infu-
sion (CI) instead of short infusion (SI) of β-lactam is more fre-
quently applied to improve pharmacokinetic/pharmacodynamic 
(PK/PD) target attainment in patients treated for infections in 
ICUs,3 but the impact on mortality is still not clear.4–6

β-Lactams are considered the cornerstone of antibiotic treat-
ment in the ICU and have generally been considered a safe treat-
ment option with a low risk of side effects. However, increased 
dosing and the neurotoxicity reported for cephalosporins such 
as cefepime have led to discussion about the risks associated 
with high β-lactam exposure.7–9

Nordic ICUs have a long tradition of dosing β-lactams as SI. EI 
and CI are increasingly discussed even though their benefits are 
still uncertain, especially if implemented for all ICU patients with-
out considering the focus of infection and the MIC of the most 
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[4]. Indeed, significant variations may also occur for the SC 
of highly bound antimicrobials (e.g. dalbavancin or dapto-
mycin), especially in critically ill patients affected by severe 
hypoalbuminaemia in whom the SC could not always reflect 
the theoretically unbound fraction of the antimicrobial agent 
[49]. Additionally, the type of dilution modality may signifi-
cantly affect antimicrobial CL. In the post-dilution mode, the 
plasma directly crosses the membrane, and antimicrobial CL 
depends on the SC and ultrafiltration rate. Conversely, in 
the pre-dilution mode, the plasma is diluted by the addition 
of the replacement fluid before passing through the filter, 
and antimicrobial CL will be lower due to the dilution fac-
tor [5, 49]. Notably, when all other parameters are equal, 
the efficiency of antimicrobial removal is expected to be 
higher with CVVHDF compared with CVVH [49]. Roger 
et al. found a trend toward significant higher piperacillin 
total and CRRT CL, along with lower mean steady-state 
concentrations in patients undergoing CVVHDF compared 
with those undergoing CVVH [53].

As previously reported, the ultrafiltration rate (for con-
vective modality) and the effluent flow rate (for diffusive/
mixed modalities) are directly involved in the determination 
of antimicrobial CL [4, 5, 49]. The impact of high-intensity 
CRRT on antimicrobial dosing adjustment, especially for 

agents undergoing highly relevant CRRT removal, is much-
debated [7, 54]. Different studies reported a linear relation-
ship between effluent flow rate and total CL and/or CRRT 
CL for several antibiotics, namely meropenem, vancomy-
cin, piperacillin–tazobactam, and ceftolozane–tazobactam 
[55–57]. Additionally, a significative relationship between 
effluent flow rate and CL was demonstrated in ex vivo mod-
els for ceftolozane–tazobactam, meropenem–vaborbactam, 
and dalbavancin [40, 58, 59]. Consequently, in patients 
undergoing high-intensity CRRT, altered dosing strategies 
of novel agents (full/high doses coupled with prolonged 
infusion) could be needed [14]. This is documented by dif-
ferent case reports involving ceftolozane–tazobactam [30, 
31] or ceftazidime–avibactam [34], in which full doses or 
prolonged infusion were required to achieve optimal PK/PD 
targets when using an effluent flow rate >2.5–3 L/h. Con-
versely, administration of reduced doses of ceftaroline or 
ceftobiprole to patients requiring high-intensity CRRT failed 
in achieving the optimal PK/PD target [25, 37].

CRRT membrane types (e.g. polysulfone, polymethyl-
methacrylate and polyacrylonitrile membranes) have a rel-
evant impact on antimicrobial CL according to the different 
adsorptive ability [5, 60]. Adsorptive capacity is high for 
AN69 surface-treated (ST) membrane, and negligible for 

Fig. 2  ‘Patient-centred’ approach for dosing adjustment of novel anti-
biotics in critically ill patients during continuous renal replacement 
therapy. BSI bloodstream infection, cUTI complicated urinary tract 
infection, CRRT  continuous renal replacement therapy, MIC mini-

mum inhibitory concentration, PK pharmacokinetic. SA saturation 
coefficient, SC sieving coefficient, TDM therapeutic drug monitoring, 
Vd volume of distribution
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Abstract
Acute kidney injury represents a common complication in critically ill patients affected by septic shock and in many cases 
continuous renal replacement therapy (CRRT) may be required. In this scenario, antimicrobial dose optimization is highly 
challenging as the extracorporeal circuit may cause several pharmacokinetic alterations, which add up to volume of distri-
bution and clearance variations resulting from sepsis. Variations in CRRT settings (i.e. modality of solute removal, type of 
filter material, blood flow rate and effluent flow rate), coupled with the presence of residual and/or recovering renal function, 
may cause dynamic variations in the clearance of hydrophilic antimicrobials. This means that dose reduction may not always 
be needed. Nowadays, the lack of pharmacokinetic data for novel antimicrobials during CRRT limits evidence-based dose 
recommendations for critically ill patients in this setting, thus making available evidence hardly applicable in real-world 
scenarios. This review aims to summarize the major determinants involved in antimicrobial clearance, and the available 
pharmacokinetic studies performed during CRRT involving novel antibiotics used for the management of multidrug-resistant 
Gram-positive and Gram-negative infections (namely ceftolozane–tazobactam, ceftazidime–avibactam, cefiderocol, imipe-
nem–relebactam, meropenem–vaborbactam, ceftaroline, ceftobiprole, dalbavancin, and fosfomycin), providing a practical 
approach in guiding dose optimization in this special population.
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1 Introduction

Sepsis is the most common cause of acute kidney injury 
(AKI) in critically ill patients [1], requiring the initiation of 
continuous renal replacement therapy (CRRT) in approxi-
mately 70% of cases [2]. In this scenario, the mortality rate 
may exceed 60% [3]. Given that septic patients undergoing 
CRRT require prompt and optimized antimicrobial therapy, 
the choice of appropriate antibacterial dosing is highly 
challenging.

Several factors may affect the achievement of optimal 
pharmacokinetic/pharmacodynamic (PK/PD) targets in 
critically ill patients requiring CRRT, directly influencing 

antibiotic clearance (CL): physicochemical/PK properties 
of selected antibiotics, acute pathophysiological variations, 
CRRT settings, minimum inhibitory concentration (MIC) of 
isolated pathogens, and site of infection [4–8]. In this sce-
nario, the ‘one dose fits all’ approach is completely unfeasi-
ble [8], potentially resulting in unnecessary dose reduction, 
as recently found in the SMARRT trial [9].

The widespread diffusion of multidrug-resistant (MDR) 
pathogens, both Gram-positive (e.g. methicillin-resistant 
Staphylococcus aureus [MRSA], vancomycin-resistant 
Enterococcus faecium [VRE]) and Gram-negative (e.g. car-
bapenemase-producing Enterobacteriaceae [CPE], MDR or 
extensively drug-resistant (XDR) Pseudomonas aeruginosa, 
Acinetobacter baumannii), represents a worrisome health 
concern [10]. In recent years, several novel antibiotics have 
been licensed for the management of MDR Gram-positive 
(i.e. dalbavancin, ceftaroline, ceftobiprole) [11] or Gram-
negative (i.e. ceftolozane–tazobactam, ceftazidime–avi-
bactam, meropenem–vaborbactam, imipenem–relebactam, 
cefiderocol) infections [12]. Additionally, some older agents 
(i.e. fosfomycin) showed promising results in this setting 
[13]. With the exception of dalbavancin, all of these novel 
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Cefepime neurotoxicity in the intensive care unit: a
cause of severe, underappreciated encephalopathy
Jennifer E Fugate1, Ejaaz A Kalimullah2, Sara E Hocker1, Sarah L Clark3, Eelco FM Wijdicks1 and Alejandro A Rabinstein1*

Abstract

Introduction: Cefepime, a broad spectrum antibiotic, is commonly prescribed in intensive care units (ICU) and
may be an overlooked cause of neurologic symptoms such as encephalopathy, myoclonus, seizures, and coma.
We aimed to characterize cefepime neurotoxicity in the ICU.

Methods: We performed a retrospective study of adult ICU patients treated with intravenous cefepime for at least
3 days between January 1, 2009 and December 31, 2011. The primary outcome was the development of cefepime
neurotoxicity, with the likelihood of causality ascribed via a modified Delphi method.

Results: This study included 100 patients. The mean age was 65.8 years (± 12.7 years). The median daily average
dose of cefepime was 2.5 (IQR 2.0 to 3.5) grams. The median treatment duration was 6 (IQR 4 to 10) days. Renal
failure in any form was present in 84 patients. Chronic kidney disease affected 40 patients, and 77 had acute kidney
injury. Cefepime neurotoxicity occurred in 15 patients. Of these, seven were considered definite cases, three
probable, and five possible. Neurotoxic symptoms included impaired consciousness (n = 13), myoclonus (n = 11),
disorientation (n = 6), and nonconvulsive status epilepticus (n = 1). The dose of cefepime was appropriately
adjusted for renal clearance in 64 patients (75.3%) without cefepime neurotoxicity and four patients (28.6%) with
neurotoxicity (P = 0.001). Chronic kidney disease was present in 30 patients (35.3%) without neurotoxicity and in
10 (66.7%) of those with neurotoxicity (P = 0.04).

Conclusions: Critically ill patients with chronic kidney disease are particularly susceptible to cefepime neurotoxicity.
Myoclonus and impaired consciousness are the predominant clinical manifestations. Neurotoxic symptoms
occur more often when the cefepime dose is not adjusted for renal function, but can still occur despite those
modifications.

Introduction
Potent, broad-spectrum antimicrobials are increasingly
prescribed in intensive care units (ICUs) because of the
proliferation of multidrug-resistant pathogens. Cefepime,
a fourth-generation cephalosporin, is one of these antimi-
crobials commonly prescribed empirically for nosocomial
infections. Because cefepime is predominantly renally
excreted (85% unchanged), a reduction in renal function
confers a proportional increase in the elimination half-life
and reduction in total body clearance of cefepime [1]. In
patients with renal failure, cefepime can accumulate in
both the blood and cerebrospinal fluid and reach toxic
concentrations [2]. Consequently, patients with renal

failure who are treated with cefepime at relatively high
doses are at risk of developing neurological symptoms that
include seizures, hallucinations, confusion, myoclonus,
and coma [3-12].
The terms ‘encephalopathy’ or ‘delirium’ generically

describe cerebral dysfunction of some type, but most of
the time they are used to characterize patients with a
change in attention, perception and memory. These
neurological manifestations are very poorly understood
considering their high prevalence in the ICU [13,14].
Given the pervasiveness of confounding causes of en-
cephalopathy (for example infection, postoperative state,
electrolyte disturbances, hypoglycemia, uremia, shock,
alcohol withdrawal, pain, hypercapnia, hypoxemia), elu-
cidating the cause of ‘altered mental status’ or ‘failure to
awaken’ in a patient in the ICU can be challenging. Des-
pite this etiologic uncertainty, the encephalopathy often
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purposes and are not customarily performed in clinical
practice. However, empirical dosing on the basis of one
of these algorithms may not be sufficient to prevent
accumulation of cefepime to ‘toxic’ concentrations in
certain individuals because extreme pharmacokinetic
deviations can occur while adhering to a standard algo-
rithm [21]. In one prospective study of 20 ICU patients
who received cefepime based on standard dose reduc-
tions according to CLCr, plasma cefepime concentra-
tions varied by two- to three-fold at peak levels and
up to 40-fold at trough levels [21]. In addition, dosing
medications for patients with CKD may be compli-
cated because the calculated GFR or serum creatinine
do not always correlate well with true renal function
of these patients.
There are limitations to our study. This was not a pro-

spective study of all patients in the ICU receiving cefe-
pime, and thus we cannot estimate the true incidence of
cefepime neurotoxicity in that population. While the
modified Delphi method did mandate that there was no
alternative cause of adverse neurologic symptoms, the
retrospective nature of the study makes it impossible to
know with full certainty that cefepime alone was the
cause. Other variables could have potentially con-
founded this assessment and may have been in part
responsible for symptoms that we ascribed to cefepime.
However, in addition to the criteria mandating the
exclusion of alternative causes, each potential case was
reviewed independently by five clinicians to minimize
this possibility.
In addition, EEGs were not performed in the majority

of our patients, so it is possible we underestimated the
occurrence of electrographic seizures or NCSE. Never-
theless, this may not have been clinically relevant
because the patients in our series who did not have EEGs
improved clinically with merely the discontinuation of

cefepime and many patients described in the literature
recover with simply discontinuing cefepime and without
antiepileptic therapy [8,9,12,22]. In this series, the diag-
nosis of cefepime neurotoxicity was made by clinical
assessment and consensus and we did not have blood or
CSF levels of cefepime available. While diagnosis by clin-
ical assessment more closely resembles current clinical
practice, a prospective study in which cefepime levels
are measured and correlated with clinical and electro-
physiologic data would be useful to identify a therapeutic
range that could potentially be used for drug monitoring
in the future.

Conclusions
Cefepime neurotoxicity affects critically ill patients with
chronic kidney disease and causes encephalopathy, myo-
clonus, and less commonly seizures in ICU patients. It
most commonly occurs when standard dose adjustments
for renal function are not performed, but can occur des-
pite dose adjustment in a minority of patients. Cefepime
should be discontinued in ICU patients with renal failure
who have encephalopathy if no alternative diagnosis is
more likely, given that it is a potentially reversible cause
of severe neurologic impairment.

Key messages

! Among critically ill patients, cefepime
neurotoxicity affects predominantly patients
with pre-existent kidney disease.

! Encephalopathy and myoclonus are the most
common clinical presentations of cefepime
neurotoxicity in the ICU.

! Dose adjustments for renal function are
critical to minimize the risk of cefepime
neurotoxicity.

Table 3 Characteristics of 100 ICU patients receiving intravenous (IV) cefepime
Cefepime neurotoxicity Rest of cohort P value

n = 15 n = 85

Age, years, mean 69 66 0.16

Male gender, n (%) 11 (73) 50 (59) 0.39

Acute kidney injury, n (%) 13 (87) 64 (75) 0.51

Chronic kidney disease, n (%) 10 (67) 30 (35) 0.042

Hemodialysis, n (%) 4 (27) 28 (33) 0.77

Peak creatinine, median (IQR) 2.8 (1.7-3.1)* 2.3 (1.5-3) 0.36

Nadir eGFR, median (IQR) 22.5 (20.8-34.3) 27.5 (18-45) 0.53

Mean daily cefepime dose, g, median (IQR) 2.5 (1.7-4)* 2.5 (2-3.5) 0.66

Cefepime duration, days, median (IQR) 5 (4.8-7.3)* 7 (4-10) 0.26

Appropriate dose reduction for renal function, n (%) 4 (29)* 64 (75) 0.001
*Data available for 14 of the 15 cases of cefepime neurotoxicity. IQR, interquartile range; g, grams.
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cefepime compared to patients receiving meropenem, but
overall the prevalence of this finding was still relatively
low (1.3%) [18].
While it is imperative that health-care providers are

aware of the potential complication of seizures associated
with cefepime use, our findings indicate that seizures and
NCSE are very uncommon clinical expressions of ce-
fepime neurotoxicity. Rather, the more likely clinical
scenario is a patient who develops difficult-to-explain
‘altered mental status’, which may be either a depression in
the level of consciousness or confusion or disorientation.
Associated myoclonus and renal impairment are potentially

suggestive of the diagnosis and should prompt the discon-
tinuation of cefepime in favor of an alternative antibiotic.
We have observed patients with renal failure and severe
encephalopathy or coma who improved dramatically after
the cessation of cefepime. Some of these patients were
so seriously affected that discussions about withdrawal of
life-sustaining measures had occurred. Stopping a medica-
tion is a simple therapeutic trial. Because cefepime neuro-
toxicity is a reversible (and preventable) cause of severe
neurologic symptoms, it is important for clinicians to be
aware of this possibility and consider the use of alternative
antibiotics in patients with renal impairment.
Decreasing the dose of cefepime in accordance with a

patient’s estimated renal function is recommended, and
our findings support and emphasize the importance of
this recommendation. Still, cefepime neurotoxicity can
occur despite dose adjustments [19] and in our study, of
those with cefepime neurotoxicity, 28.9% (four of four-
teen patients with known doses) developed neurologic
symptoms despite a standard dose reduction based on
CLCr. It is also notable that neurotoxicity can occur des-
pite concurrent hemodialysis [20], though one expects
the neurologic symptoms to improve after a few days if
the dose has been appropriately adjusted and if flow
rates are adequate. The current practice of cefepime
dosing is dictated by standard algorithms according to
CLCr. Cefepime concentrations in the blood or cere-
brospinal fluid have been performed rarely for research

Figure 1 EEG findings in cefepime neurotoxicity. Electroencephalogram (longitudinal bipolar montage) of a patient receiving intravenous (IV)
cefepime shows diffuse slowing of the background, atypical triphasic waves, and multifocal sharp waves.

Table 2 Electroencephalogram results of patients with
cefepime neurotoxicity
N EEG findings*

2 Atypical triphasic waves

2 Severe diffuse slowing

1 Triphasic waves and multifocal sharp waves

1 Stimulus-induced rhythmic sharp waves over the midline region
(SIRPIDs)

1 Multifocal and quasi-periodic sharp waves

1 Multifocal sharp waves

1 Continuous generalized sharp and slow wave discharges (NCSE)
and triphasic waves

*All EEGs additionally showed moderate-severe nonspecific diffuse slowing of
the background. EEG, electroencephalogram; SIRPIDs, stimulus-induced rhythmic,
periodic, or ictal discharges; NCSE, nonconvulsive status epilepticus.
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Cefepime-induced neurotoxicity: a
systematic review
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and Gilles L. Fraser5

Abstract

Background: Cefepime is a widely used antibiotic with neurotoxicity attributed to its ability to cross the blood–brain
barrier and exhibit concentration-dependent ϒ-aminobutyric acid (GABA) antagonism. Neurotoxic symptoms include
depressed consciousness, encephalopathy, aphasia, myoclonus, seizures, and coma. Data suggest that up to 15% of
ICU patients treated with cefepime may experience these adverse effects. Risk factors include renal dysfunction,
excessive dosing, preexisting brain injury, and elevated serum cefepime concentrations. We aimed to characterize the
clinical course of cefepime neurotoxicity and response to interventions.

Methods: A librarian-assisted search identified publications describing cefepime-associated neurotoxicity from January
1980 to February 2016 using the CINAHL and MEDLINE databases. Search terms included cefepime, neurotoxicity,
encephalopathy, seizures, delirium, coma, non-convulsive status epilepticus, myoclonus, confusion, aphasia, agitation,
and death. Two reviewers independently assessed identified articles for eligibility and used the Preferred Reporting
Items for Systematic review and Meta-Analysis Protocols (PRISMA-P) for data reporting.

Results: Of the 123 citations identified, 37 (representing 135 patient cases) were included. Patients had a
median age of 69 years, commonly had renal dysfunction (80%) and required intensive care (81% of patients
with a reported location). All patients exhibited altered mental status, with reduced consciousness (47%),
myoclonus (42%), and confusion (42%) being the most common symptoms. All 98 patients (73% of cohort)
with electroencephalography had abnormalities, including non-convulsive status epilepticus (25%), myoclonic status
epilepticus (7%), triphasic waves (40%), and focal sharp waves (39%). As per Food and Drug Administration (FDA)-approved
dosing guidance, 48% of patients were overdosed; however, 26% experienced neurotoxicity despite appropriate dosing.
Median cefepime serum and cerebrospinal fluid (CSF) concentrations were 45 mg/L (n = 21) and 13 mg/L (n = 4),
respectively. Symptom improvement occurred in 89% of patients, and 87% survived to hospital discharge. The median
delay from starting the drug to symptom onset was 4 days, and resolution occurred a median of 2 days after the
intervention, which included cefepime discontinuation, antiepileptic administration, or hemodialysis.

Conclusions: Cefepime-induced neurotoxicity is challenging to recognize in the critically ill due to widely varying
symptoms that are common in ICU patients. This adverse reaction can occur despite appropriate dosing, usually resolves
with drug interruption, but may require additional interventions such as antiepileptic drug administration or dialysis.

Keywords: Adverse events, Blood–brain barrier, Cefepime, Cephalosporin, Coma, Intensive care units, Myoclonus, Seizures,
Status epilepticus
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their BBB allowing increased CNS penetration of cefepime
[47, 48]. Renal dysfunction is especially significant since it
also leads to increased cefepime serum concentrations, and
is associated with proteinuria, hypoalbuminemia and altered
protein binding, increasing the unbound and biologically ac-
tive fraction of cefepime available for entry into the CNS [8].
Three of the four patients with reported CSF concentrations
had much greater CNS penetration than normal, exceeding
the expected CSF/plasma cefepime concentration ratio of
10% (range = 16–45%) [31]. Median trough concentrations
in appropriately dosed patients were higher than in patients
receiving excessive doses; however, meaningful conclusions
from these data are limited due to the small sample sizes
used for comparison. Further research is needed to define
the role of brain injury in the development of cefepime-
induced neurotoxicity, but 11 patients included in our
review had preexisting CNS diseases and 2 patients had pre-
existing seizure disorders [16, 20, 21, 42].
In addition to the presence of risk factors, a better

understanding of the clinical course may facilitate earlier
identification of cefepime-induced neurotoxicity (Table 4).
It is important to stress that symptoms are often delayed,
with a median onset of 4 days (IQR 2–6) after starting the
drug, and trend towards a progressive course. Changes in

mental status typically appear initially, but with continued
cefepime administration, myoclonus and seizures can
develop. EEG evaluations are almost always abnormal, but
these findings are often seen with other types of
encephalopathy.
The most common intervention was discontinuation

(81%) or interruption of therapy with reduction of cefe-
pime dosing (4%), sometimes in conjunction with antiepi-
leptic medications and led to clinical resolution or
improvement of symptoms in most cases. Time to symp-
tom improvement occurred at a median of 2 days, though
emergent hemodialysis, may hasten the recovery time.
Using Hill’s criteria, there is a case for a causal rela-

tionship between cefepime and neurotoxic sequelae [49].
This adverse reaction has been reported in more than
135 patients, has consistent presenting features, and is
frequent in patients at risk. Some risk factors, including
excessive dosing in the setting of renal disease and high
serum and CSF levels, imply biologic gradient effects.
In addition, a consistent spectrum of neurotoxicity, its

progressive nature with continued therapy, an appropriate
and consistent temporal relationship between initiation of
therapy and symptom onset, along with evidence for
reversibility in a variety of different patient populations, all

Table 4 Cefepime-induced neurotoxicity – a clinical picture
Risk factors Signs and symptoms EEG characteristics Treatments

- Renal dysfunction
- Critical illness
- Altered BBB
- Older age
- Drug overdose

- Altered mental status
- Reduced consciousness
- Confusion
- Myoclonus
- Aphasia
- Agitation
- Seizures

- Abnormalities
- Tri-phasic waves
- Multi-focal sharp waves
- Non-convulsive SE
- Generalized slowing
- Myoclonic SE

- Cefepime discontinuation
- Cefepime-free interval w/dose reduction
- Hemodialysis
- Benzodiazepinea

EEG electroencephalography, BBB blood–brain barrier, SE status epilepticus
aFor EEG abnormalities/seizure activity associated with toxicity

Fig. 2 Timeline of clinical course. BBB, blood–brain barrier; CNS, central nervous system
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TDM v kritických stavech ??? 
Proč je důležité monitorovat hladinu 
betalaktamů z pohledu intenzivisty? 



Závěr:
Velká farmakokinetická variabilita u kriticky nemocných 

 
 U pacientů v intenzivní péči dochází často k výrazným změnám objemu distribuce, perfuze tkání, kapacitě ledvin (ARC, AKI/CKD), 

změnám proteinové vazby – to vše způsobuje, že standardní dávkování nemusí vést k očekávaným koncentracím. 

 

2023–2025: incidence ARC v ICU může být až 25–65 % a že vede k nedosažení terapeutických koncentrací. 
2024–2025: incidenci ~25 % a dynamický nástup ARC v prvním týdnu.  

 
Cílový farmakodynamický parametr β-laktamů: čas nad MIC (f T > MIC) 

 
 β-laktamy patří mezi antibiotika, u kterých je klíčové, jak dlouho volná (ne vázaná) koncentrace překročí minimální inhibiční 

koncentraci (MIC) bakterie. Optimalizace tohoto parametru je důležitá pro dosažení účinku.  
 

 Bez monitoringu tedy nemáte jistotu, že daný pacient dosáhne požadovaného cíle (např. 100 % času nad MIC, nebo dokonce 100 % 
času nad 4× MIC) během intervalu podávání. 


Pokud MIC neznáte ——> orientuj se EUCAST breakpointem !!! 
 2024: agresivnější cíle vedou k lepším klinickým výsledkům. 

 Antibiotics, 2025: dřívější TDM a eskalace dávky na jeho základě predikovaly vyšší klinické vyléčení a nižší 30denní mortalitu.  
Doporučení: cílit TDM do 24–48 h od zahájení léčby. 

Riziko podexpozice (nedostatečná koncentrace) → selhání terapie, rezistence 
Pokud antibiotikum nedosáhne dostatečné koncentrace 

——-> REZISTENCE + riziko relapsu infekce !!! 



Závěr 2:
Riziko toxických účinků při nadměrné expozici 

 
 Předávkování - vedlejší účinky — zejména neurotoxicita (např. u cefepimu), podle konkrétního β-

laktamu.  
 TDM umožňuje „nastřelit“ mezi rizikem poddávkování a rizikem toxického efektu. 


Vztah trough > 20 mg/L a klinické neurotoxicity je opakovaně popsaný (2024–2025); riziko roste při 
renální dysfunkci. Prakticky: u rizikových dávkuj opatrně, zvaž TDM zejména při zhoršení GFR.  

Možnost včasné korekce dávky 
 

 Pokud máte měřenou hladinu, lze antibiotikum v průběhu terapie upravit — navýšit dávku, změnit 
frekvenci podání, prodloužit infuzi, či snížit dávku, když je koncentrace příliš vysoká.  

 
 Včasná úprava (časné TDM) je spojena s vyšší pravděpodobností klinického vyléčení.  

 



Praktický rámec (TDM)
Kdy nabrat vzorek: do 24–48 h od zahájení → po každé úpravě dávky / změně renálních funkcí / 

startu RRT/ECMO.  

Jak cílit: minimálně 100 % fT > MIC, u závažných stavů často 100 % fT > 4× MIC (když MIC 
neznáte, orientujte se EUCAST breakpointem).  

Kdo nejvíc profituje: pacienti s ARC, na RRT, s rychle se měnícím stavem (sepse/šok, popáleniny, 
edémy, hypoalbuminémie).  

 
Jak měřit: intermitentní/prodloužené infuze → trough; kontinuální infuze → random ve steady-

state. 


Bezpečnostní hranice (příklad): u cefepimu zvažte re-dávkování, pokud trough směřuje nad ~20 
mg/L, zvlášť při eGFR↓. 




…děkuji za pozornost
petr.piza@ikem.cz


