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Abstract Antibiotics are among the medications most

frequently administered to the critically ill, a population

with high levels of intra- and inter-individual pharma-

cokinetic variability. Our knowledge of the relationships

among antibiotic dosing, exposure and clinical effect in

this population has increased in recent decades. Thera-

peutic drug monitoring (TDM) of serum antibiotic con-

centrations is the most practical means of assessing

adequate antibiotic exposure, though until recently, it has

been underutilised for this end. Now TDM is becoming

more widespread, particularly for the beta-lactam antibi-

otics, a class historically thought to have a wide therapeutic

range. We review the basic requirements, indications, and

targets for effective TDM of the glycopeptides, amino-

glycosides, quinolones and beta-lactam antibiotics in the

adult intensive-care setting, with a special focus on TDM

of the beta-lactam antibiotics, the most widely used

antibiotic class.

Key Points

Therapeutic drug monitoring (TDM) of beta-lactams

and other antibiotics to ensure adequate drug

exposure in critically ill patients is becoming

increasingly important in light of this population’s

variable pharmacokinetics and rising antimicrobial

resistance.

Beta-lactam TDM should be considered early on to

ensure adequate antibiotic exposure in any critically

ill patient with a severe infection. The recommended

pharmacokinetic target for these time-dependent

antibiotics is 100% fT[MIC; i.e. the drug’s

unbound (free, f ) serum antibiotic concentration

should remain at least above the drug’s minimal

inhibitory concentration (MIC) for the targeted

pathogen through the entirety of the dosing interval

(100%).

For aminoglycosides, the pharmacokinetic/

pharmacodynamic index has shifted from maximal

concentration over the MIC to the area under the

unbound concentration–time curve over the MIC,

and several studies suggest that currently used dosing

regimens are inadequate. Optimising aminoglycoside

administration through potentially higher doses

while controlling for toxicity requires further

exploration.
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1 Introduction

Antibiotics are among the therapeutic agents most com-

monly administered to the critically ill [1]. Our under-

standing of the relationships between these drugs’ dosing,

exposure and effect has increased in recent decades.

Though intuitive, there is now clear evidence that opti-

mising exposure directly increases the likelihood of clinical

success [2–6]. Therapeutic drug monitoring (TDM) of

serum concentrations is the most practical means of

assessing exposure, but TDM has typically been employed

only for antimicrobials known to have narrow therapeutic

ranges; i.e. low toxicity and/or high efficacy thresholds,

respectively (e.g. the aminoglycosides, early vancomycin

formulations).

Beta-lactam antibiotics, the cornerstone of antibacterial

therapy, never traditionally belonged to this group; with

only a few exceptions [7], they are rarely toxic, and as a

class have manifested strong clinical effectiveness even

with fixed-dose, empiric regimens. [8]. Yet the global

increases in antimicrobial resistance are slowly turning this

paradigm. Minimal inhibitory concentrations (MIC)—the

lowest levels of drug needed to hinder visible bacterial

growth after 16–20 h of incubation—are increasing stea-

dily, particularly for common intensive care unit (ICU)

pathogens like Pseudomonas aeruginosa and Acinetobac-

ter spp. [1].

Though a major focal point, less susceptible pathogens

are not the only factor narrowing the beta-lactams’ thera-

peutic range; the ‘‘average’’ human host has changed as

well. The prevalence of both geriatric and ‘‘long-term

immunosuppressed’’ patients is growing progressively;

obesity rates have more than doubled in past decades

[9, 10]; and the critically ill can now be maintained as a

population in prolonged states of clinically important

altered physiology. In all of these groups, who by no means

resemble the younger, healthy volunteers typically partic-

ipating in phase I pharmacokinetic trials, antibiotic expo-

sure is both variable and understudied.

TDM of beta-lactam antibiotics, particularly in the ICU,

is thus becoming more widespread, particularly in some

European countries and Australia [11, 12], while TDM of

aminoglycosides, quinolones and glycopeptides is being re-

examined and modified. This narrative review will address

the rationale and indications for TDM of antibiotics com-

monly used in adult ICUs, with a special focus on that of

beta-lactam antibiotics. An in-depth discussion and review

of the literature on continuous or prolonged versus inter-

mittent antibiotic infusions, which are often guided by

TDM, are beyond the article’s scope.

2 The Chequered Origins of Antibiotic
Therapeutic Drug Monitoring (TDM)

Any clinician would be forgiven for questioning the logic of

our current patterns in antibiotic TDM. Why, for example, is

vancomycin regularly monitored, while teicoplanin is not?

The logic becomes clearer when TDM is placed in its

historical context. Some of the earliest antibiotics were

poorly purified before being administered clinically. Van-

comycin, which came to be known as ‘‘Mississippi mud’’

soon after its introduction in the 1950s [13], is the most

blatant example: early preparations contained impurities

responsible for not only its brownish appearance, but also

high-grade fever and likely the nephrotoxicity observed in its

first recipients [14]. With more modern formulations,

nephrotoxicity due solely to vancomycin is relatively rare,

especially in patients receiving B 7 days of therapy [15, 16].

Yet it was not until the 1990s, when TDM of peak concen-

tration (Cmax) levels to guard against toxicity had become

entrenched, that studies clearly indicated that supposed

‘‘vancomycin-related’’ nephrotoxicity occurred mainly

when the drug was being given with an aminoglycoside [16].

Conversely, the newer glycopeptide teicoplanin was devel-

oped semi-synthetically, obviating concerns regarding

impurities, in an era of more methodologically robust testing

and less tolerance for clinical toxicity. Its phase III results

allowed it to be released on the market with no specific

recommendations for TDM [17, 18]. More recent studies

indicate, however, that TDM is as important for teicoplanin’s

efficacy as it is for vancomycin [19, 20].

The example of vancomycin underlines the fact that

TDM has historically been employed chiefly to guard

against toxicity rather than to optimise clinical efficacy.

The beta-lactam antibiotics were famously innocuous in

comparison to early vancomycin and the aminoglycosides;

in that earlier era of high antimicrobial susceptibility and

more homogenous host pharmacodynamics, TDM of this

antibiotic class would have been largely academic.

3 Goals of TDM Today

As always, the overall goal of antibiotic TDM remains the

optimisation of antibiotic therapy. Yet in today’s context,

that optimisation is defined primarily by the attainment of

adequate antibiotic exposure. Thus the immediate goal of

TDM of common ICU antibiotics such as the beta-lactams

and glycopeptides is to guard against clinically inadequate

concentrations, though the avoidance of toxicity remains an

important objective, particularly for antibiotics with low

toxicity thresholds (e.g. aminoglycosides). Finally, an

increasingly important goal is ecologic: to minimise the
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development of resistance among the trillions of ‘‘by-

stander’’ microorganisms hosted by the patient [21–23].

While optimal exposure for clinical efficacy is crudely

defined by that which is needed to achieve clinical cure in

the patient at hand, there is mounting evidence that optimal

exposure to prevent the development of resistance probably

requires concentrations beyond that clinical minimum

[21, 22, 24–26].

4 The Basic Requirements for Rational Antibiotic
TDM

Whereas criteria have been developed for TDM in general,

those for antimicrobials are even more specific [27], since

measuring their concentrations without the ability to

interpret their values has little purpose. Some knowledge of

the following elements is required for the rational use of

antibiotic TDM.

4.1 Pharmacokinetic/Pharmacodynamic (PK/PD)

Indices

The pharmacokinetic/pharmacodynamic (PK/PD) index

represents the quantitative relationship between a phar-

macokinetic measure of exposure to the antibiotic, as

illustrated in Fig. 1.

4.1.1 Historical Context and Evidence to Date for PK/PD

Indices

An antibiotic’s ‘‘best’’ PK/PD index is most often deter-

mined by animal models [28, 29] that are also referred to as

dose fractionation studies. These reveal a somewhat com-

plex picture, with differences in the kill kinetics of Gram-

positive versus Gram-negative bacteria as well as differ-

ences in response to various antibiotic classes. For exam-

ple, P. aeruginosa is known to require higher targets for

maximum kill as compared to other Gram-negative bac-

teria [30, 31].

4.1.2 %f T[MIC

For the beta-lactam antibiotics, the PK/PD index associated

with the most successful outcome (optimal bacterial killing

and/or clinical outcome) is the %fT[MIC, or the per-

centage of time (T) of the dosing interval during which the

unbound (free, f ) serum antibiotic concentration remains at

least above the MIC for the targeted organism. In both

animal and in vitro models, these so called ‘‘time-depen-

dent’’ antibiotics achieve more bacterial killing the longer

they remain at serum levels above the MIC. Increasing

their concentration any more than three or four times that

of the MIC does not ultimately make a difference in bac-

terial killing [32, 33].

4.1.3 fCmax/MIC

fCmax represents the maximum unbound antibiotic con-

centration achieved in serum. With this PK/PD index,

‘‘concentration-dependent’’ antibiotics would achieve

optimal killing with higher immediate serum concentra-

tions, and drawing out the time thereafter during which

those concentrations remain above the MIC would have

little effect on bacterial killing [34]. Historically, several

antibiotics were believed to be primarily concentration

dependent, chief among them the fluoroquinolones and the

aminoglycosides. More recently, however, the optimal PK/

PD index for both has proved to be the area under the

unbound concentration–time curve (fAUC) over MIC

(fAUC/MIC). Even the old antibiotic colistin has now been

shown to correlate best with the fAUC/MIC rather than the

Cmax/MIC, as previously reported [35]. While there are

non-antimicrobials that are classically concentration

dependent in their effects, there are essentially no antibi-

otics left in this group.

4.1.4 fAUC/MIC

For the majority of antibiotics, the index most associated

with optimal outcomes is the fAUC/MIC; the fAUC is a

measure of the total exposure of the drug and is divided by

the MIC. This ratio indicates the importance of both time

and concentration for bacterial kill: the ‘‘area under the

curve’’ (AUC) is the product of both the antibiotic’s con-

centration (y axis) and the time during which those con-

centrations are elevated (x axis), i.e. the integral of drug

concentrations over time (Fig. 1).

Fig. 1 Classic concentration–time curve with the different pharma-

cokinetic/pharmacodynamic indices. fAUC area under the unbound

concentration–time curve, fCmax maximum unbound antibiotic con-

centration achieved in serum, MIC minimal inhibitory concentration
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For antibiotics that have been used extensively in the

clinic, some of these targets have been confirmed in human

studies [3], but more clinical evidence is needed. We know

from preclinical studies that for the cephalosporins, for

example, the minimum value of fT[MIC for bacte-

riostasis is 40% for Enterobacteriaceae, while 60–65% is

needed for near-maximal bacterial kill [33, 36, 37]. Yet

more recently, population pharmacokinetic modelling with

clinical data from patients with nosocomial pneumonia has

demonstrated that further increasing the percentage of the

dosing interval during which concentrations are above the

MIC provides an even higher probability of microbiologic

eradication and clinical success [3].

4.2 The Minimal Inhibitory Concentration (MIC)

The antibiotic’s MIC clearly plays a pivotal role in all of

these indices, so obtaining its measurement would be

essential for proper interpretation of TDM results. How-

ever, given the nature of MIC determination, there will

always be variation among the values reported from all

methods used [38, 39]. Guidance on how to use MIC lab-

oratory results in TDM is described elsewhere [40].

4.3 Defining ‘‘Optimal Exposure’’

4.3.1 Defining the Targets

Optimal antibiotic exposure is thus a moving target. It

depends on the antibiotic class employed and the organism

targeted—more specifically, on knowledge of the antibi-

otic’s optimal PK/PD index and its wild-type MIC distri-

bution for that organism. Knowing which PK/PD indices

achieve the most killing for which antibiotics will help the

clinician determine what minimum target should be attained.

For beta-lactam antibiotics, the traditional minimal target

range of 40–60% of the dosing interval was informed by

animal studies and confirmed in some human studies

[37, 41, 42]. As described above, there is increasing evidence

that targeting 100% of the dosing interval for these time-

dependent antibiotics further increases the probability for

improved bacteriologic and clinical outcomes, especially in

populations such as the critically ill, whose unpre-

dictable pharmacokinetics increase their risk for inadequate

dosing. Guidance for optimal sampling to assess attainment

of the established target is provided below.

For some antibiotic classes it might appear that opti-

mising doses is solely based on concentrations, rather than

PK/PD indices. An example hereof is vancomycin. For

TDM, trough levels between 15 and 20 mg/L are generally

targeted. Though it might seem that this is based merely on

a concentration, this specific value is derived from the PK/

PD index, and correlates with a high likelihood of

achieving the target AUC/MIC. This principle also applies

to the aminoglycosides.

Finally, optimal exposure is of course the level of

antibiotic to which microorganisms at the site of infection

are exposed. Direct antibiotic TDM in fluids other than

serum is understudied and not yet validated. Thus knowl-

edge of an antibiotic’s ability to penetrate the site of

infection, whether it be lung parenchyma, osseous tissue, or

cerebral meninges, is also essential. Serum TDM levels can

then be used as a surrogate to approximate the percentage

of antibiotic exposure achieved at the site.

4.4 Understanding the Altered and Variable

Physiology of Intensive Care Unit (ICU) Patients

Critically ill patients are at increased risk for inadequate

dosing [8, 43, 44] due to changes in physiology leading to

significantly altered pharmacokinetics, as well as to

external factors such as continuous renal replacement

therapy or other supportive extracorporeal therapies.

Patients with sepsis or burns often experience augmented

renal clearance; this phenomenon is caused by increased

renal blood flow and glomerular hyperfiltration and results

in the accelerated elimination of renally cleared drugs,

among them the beta-lactam antibiotics [45].

The critically ill may also manifest capillary leak syn-

drome, which in turn leads to elevated interstitial fluid vol-

umes and thus an increased volume of distribution (Vd) of

many drugs, in particular hydrophilic agents like the beta-

lactams, aminoglycosides and glycopeptides [46]. Increased

Vd, and thus lower than expected serum drug concentrations,

should be anticipated in patients with oedema, pleural effu-

sion, ascites, mediastinitis, fluid therapy, or hypoalbu-

minaemia [47]. In addition, critically ill patients may

develop end-organ dysfunction and experience impaired

drug distribution and elimination, with an increase in the

serum concentration as a result [44]. Finally, there are sub-

populations among ICU patients, an important one being the

elderly: these individuals have additional physiologic dif-

ferences, such as decreases in total body water distribution,

that further cloud their pharmacokinetic behaviour [48].

These physiologic changes are the basis for the signifi-

cant inter-patient pharmacokinetic variability observed

among the critically ill. But intra-individual variability

must also be anticipated, as these changes may co-exist and

fluctuate within the same individual, rendering his or her

pharmacokinetic profile unpredictable.

4.5 Practical Aspects

Effective TDM requires efficiency, reliability and appro-

priate measurements. Results should be available promptly;

same-day results should be the goal, and turnaround times

442 A. E. Muller et al.



[24 h should not be considered adequate for critically ill

patients [27]. The TDM assay, whether high-performance

liquid chromatography or, increasingly, mass spectrometry,

should be cross-validated [49], and physicians and nurses

should be given clear instructions regarding sample col-

lection and transport methods (some antibiotics are unsta-

ble and require transport on ice to avoid spurious results).

A note of the exact sample time is essential for drawing

conclusions, but this is often not appreciated.

Ideally, the TDM assay should measure only the

unbound fraction of antibiotic, as only this ‘‘free’’ con-

centration is antimicrobially active. But because of prac-

tical limitations, many centres—including the majority of

those employing TDM for the beta-lactam antibiotics—

measure and report total concentrations [11]. In this case,

knowledge of the antibiotic’s protein-binding fraction as

well as the patient’s albumin level will be necessary to

estimate the true antibiotic exposure. It should be stressed,

however, that the final value is a mere estimate whose

reliability is inversely proportional to the antibiotic’s level

of protein binding (e.g. ceftriaxone, flucloxacillin) [50].

5 TDM of the Beta-Lactam Antibiotics

5.1 Evidence for Misdosing of Beta-Lactams

in the Critically Ill

The purpose of TDM of most beta-lactam antibiotics in the

critically ill is to correct for under-dosing. Under-dosing is

significantly more common than overdosing given this

population’s physiologic alterations described above, the

hydrophilic nature of these agents, and the fact that they are

overwhelmingly renally cleared [51]. The increasing

interest in beta-lactam TDM has enabled a fairly consistent

demonstration of the miscalculation [8, 52, 53]. Indeed,

measured serum concentrations in critically ill patients fall

far short of those predicted by the pharmacokinetic data,

usually derived from healthy volunteers, published for the

respective antibiotic [8, 54, 55]. When continuous renal

replacement therapy is employed, the risk increases further

for subtherapeutic, or even undetectable, beta-lactam con-

centrations [56].

Increasing awareness of this discrepancy is driving the

implementation of programmes for beta-lactam TDM in

academic and non-academic centres alike, albeit slowly

(see challenges below). Yet it should be noted that robust

evidence definitively showing superior clinical outcomes

using TDM guidance for optimised dosing is only begin-

ning to be gathered. The DALI study, a multinational

point-prevalence analysis of intermediate (50% fT[MIC)

and trough (100% fT[MIC) beta-lactam serum concen-

trations in nearly 400 patients in C 60 ICUs, is a strong

early indicator [53]. It found an association between pos-

itive clinical outcome and an increasing 100% fT[MIC

ratio [odds ratio (OR) 1.56, 95% confidence interval (CI)

1.15–2.13]. The importance of optimised dosing was fur-

ther supported by the finding that 16% of patients who did

not achieve even 50% fT[MIC were 32% less likely to

have a positive clinical outcome. Yet it must be noted that

the DALI study never actually measured MICs; it used

susceptibility breakpoints as surrogates. Randomised con-

trolled trials that define optimised TDM targets in line with

actual MIC measurements are needed to demonstrate dif-

ferences in clinical outcomes. Ultimately, such trials may

be difficult to realise: the institutions that have beta-lactam

TDM programmes are those that may not be in a state of

clinical equipoise regarding their value, and thus may find

it difficult to randomise patients to a control arm that is no

longer their standard of care [57].

Cefepime is an exception to the rule that beta-lactam

antibiotics are under-dosed [8]. Not surprisingly, it is also

an exception to the widely held belief that these antibiotics

are rarely toxic. Cefepime trough concentrations tend to be

higher than those of other beta-lactam antibiotics, and the

drug has a complicated record, with more than one meta-

analysis showing slightly but consistently increased mor-

tality in patients receiving it over other beta-lactam agents

[58, 59]. A recent retrospective analysis of the clinical

outcomes of 93 patients undergoing cefepime TDM shows

a directly proportional relationship between cefepime

trough concentrations and risk of clinical toxicity, as well

as increased risk with durations exceeding 1 week [7]. We

thus recommend cefepime TDM both for adequate expo-

sure and to avoid toxicity, with readjustment of the dose

when trough concentrations exceed 20 mg/L. Other beta-

lactam agents may, like cefepime, trigger clinical toxicities

such as liver enzyme elevations, renal insufficiency, and

blood dyscrasias; more work is needed to characterise the

correlations, if any, between their plasma concentrations

and emergence of these toxicities.

5.2 Discrepancies in PK/PD Targets for Beta-

Lactam Serum Levels

The sites that currently perform beta-lactam TDM vary in

their pharmacokinetic targets, but almost all target serum

concentrations with at least 100% fT[MIC, i.e. a trough

concentration that is higher than the drug’s MIC for the

targeted organism [11]. Some aim for 100% fT[4 9 MIC,

a target whose higher concentration is derived from the

seminal observation that, in Enterobacteriaceae kill kinetics,

maximum kill is achieved at concentrations four times the

MIC [30].

The results of the DALI study, which find an association

between increasing antibiotic exposure from 50 to 100%
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fT[MIC and microbiologic or clinical cure, lend further

support to the argument for ensuring concentrations above

the MIC throughout the dosing interval (100% fT[MIC),

especially in critically ill patients. Another argument,

which requires further study and until then remains only

theoretical, is that ensuring more comprehensive antibiotic

exposure with coverage of 100% fT[MIC or even 100%

fT[4 9 MIC may guard against the development of

resistance in bystander organisms (i.e. organisms not

directly targeted by the antibiotic treatment, such as bac-

teria colonising the intestinal tract), as described above

[26].

5.3 Practical Challenges to Beta-Lactam TDM

The single greatest impediment to standard clinical

implementation of beta-lactam TDM is the lack of any

commercial beta-lactam assay. Currently, laboratories must

construct and cross-validate their own assays. Introducing

and maintaining the service may add infrastructure, staffing

and training costs. For these reasons, beta-lactam TDM

remains inaccessible to many clinicians.

5.4 Some Broad Recommendations

Recommended indications for TDM of the beta-lactam

antibiotics are summarised in Table 1. This type of TDM is

early in its development; in cases of limited data, these

recommendations are the authors’ opinions only.

5.4.1 Recommended PK/PD Targets for Beta-Lactams

Given the enormous intra- and inter-patient variation

among the critically ill, PK/PD targets should ideally be

individualised. But until the availability of validated sam-

pling and algorithms allowing the identification of indi-

vidual targets, and given the increasing evidence described

above indicating improved probabilities for bacteriologic

and clinical outcomes with fuller coverage [MIC along

the dosing interval, we recommend serum concentrations

of at least 100% fT[MIC as a reasonably reliable target to

confirm appropriate exposure in critically ill patients.

5.4.2 Sampling at the Right Time

For dose adjustment during intermittent dosing, in contrast

to continuous infusion, when and how often to sample are

of major importance. The antibiotic’s concentration over

time is determined by at least two parameters, Vd and

clearance. Thus, ideally, at least two samples should be

drawn; one sample alone provides insufficient information

to properly adjust the dose. (When only a trough level is

available, the result might be below the limit of

quantification [8]; such a result tells you that the concen-

tration is too low and that the dose should be increased, but

not by how much. When only a midpoint concentration is

available, you will not know how rapidly that concentration

will decline.) If only a single sample can be drawn, it is

possible to improve dose adjustment using software pro-

grammes. These programmes are based on available pop-

ulation pharmacokinetic models and use several parameters

of the individual patient, such as renal function and body

weight [60, 61]. Unfortunately, pharmacokinetic models

for all antibiotics in all clinical scenarios are not yet

available and caution should be used; for example, a pro-

gramme using a model based on the pharmacokinetics of

pneumonia patients may not apply to critically ill patients

with other infections.

Until these issues have been worked out, many centres

simplify their timing of TDM sampling on the basis of

practical concerns: requesting a simple trough level typi-

cally engenders the least confusion and risk for error

among healthcare personnel. Thus trough levels can be

drawn as a suboptimal but acceptable alternative.

5.4.3 Which Beta-Lactam Antibiotics

In broad terms, the beta-lactam antibiotics that (1) depend

the most on renal elimination (and thus are at risk of

accelerated elimination through augmented renal clear-

ance) should be prioritised for TDM; this therefore

includes the majority of the beta-lactams, with only cef-

triaxone and flucloxacillin as less-pressing candidates.

Clinicians should keep in mind, however, that even these

can have variable exposure in the critically ill due to

potential changes in protein binding, such that TDM of

unbound concentrations may be indicated as well. The

limited but growing literature on serum beta-lactam con-

centrations in critically ill patients indicates that car-

bapenems, particularly imipenem, often fail to achieve

expected levels with, in a significant minority, trough

concentrations that are undetectable [8], while the anti-

pseudomonals piperacillin and cefepime can have wide-

ranging trough concentrations with notable inter-patient

variability [7, 8]. We therefore generally recommend TDM

of most beta-lactam antibiotics for the following patients

and/or infections.

5.4.4 Which Patients

The critically ill are probably the population most at risk

for inadequate beta-lactam antibiotic exposure given their

significant physiologic alterations. But other populations

whose pharmacokinetics are understudied and poorly

understood are also likely to benefit from beta-lactam

TDM. The elderly have impaired homeostasis and wider
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inter-individual variability. Aging is associated with

reduced protein binding and overall drug distribution and,

for oral antibiotics, reduced absorption from the gastroin-

testinal tract [62]. In obese patients, beta-lactam and other

antibiotics tend to have a higher Vd. In addition, commonly

used creatinine clearance calculations may be inaccurate in

this population, resulting in antibiotic exposure that is more

difficult to predict [63]. Patients with specific diseases,

such as cystic fibrosis, may also have altered pharma-

cokinetics [55, 64].

5.4.5 Which Infections

TDM of a beta-lactam antibiotic should be performed when

that antibiotic is being used to treat any severe, life-

threatening infection; sampling should occur early in the

course and, if the patient remains critically ill, repeatedly in

light of potential inter-patient swings in pharmacokinetic

behaviour. For infections that are more moderate, subacute

or chronic, TDM should be employed when the anatomic

site of infection is difficult to penetrate (e.g. osteomyelitis,

prostatitis, etc.) and/or when source control cannot be

achieved (Table 1). If treatment is to be long term with an

oral beta-lactam whose absorption may be variable (e.g.

amoxicillin), serum levels should be obtained early on to

ensure adequate exposure, and repeated in the event of a

dose adjustment (e.g. due to side effects) or a change in

renal function.

6 TDM of the Aminoglycosides

With the recent emergence and worldwide spread of mul-

tidrug-resistant Gram-negative bacteria, there has been a

renaissance in the use of aminoglycosides, since they are

one of the few classes of antibiotics to which these

organisms may still be susceptible in vitro. TDM of

aminoglycosides as a means to reduce toxicity while still

assuring adequate levels for treatment of severe infections

has been recommended since the 1970s [65, 66] and is the

Table 1 Recommended indications for the use of therapeutic drug monitoring (TDM) of beta-lactam antibiotics. In cases of limited clinical data,

these recommendations represent the authors’ opinions

Indications for beta-lactam TDM Comments, references

Patients

Critically ill [8, 43, 47]

Augmented renal clearance Low serum creatinine predicts subtherapeutic plasma concentrations [8, 45]

Obesity [63]

Renal insufficiency Particularly haemodialysis or CRRT patients [56]

Elderly [62]

Cystic fibrosis [55]

Infections

Any severe/life-threatening infection [47, 104]

Infections in anatomic sites with variable drug

penetration, e.g.:

*Some beta-lactams have strong penetration into lung epithelial lining fluid; for these and for

a non-life-threatening pneumonia, TDM may not be necessary

Osteomyelitis

Prostatitis

Meningitis

Pneumonia*

Infections with poor source control, e.g.:

Endocarditis or other endovascular infection

without a removable focus

Incompletely drained abscess

Loculated empyema

Antibiotics

Imipenem, meropenem and other carbapenems These drugs are typically eliminated rapidly; patients may have undetectable trough levels

[8, 46]

Cephalosporins All cephalosporins can be monitored for efficacy, and cefepime should be monitored for both

efficacy and toxicity [7]

Penicillins These antibiotics may achieve only low (e.g. oral amoxicillin) and/or variable (e.g.

piperacillin) plasma levels [8]
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standard of care in many hospitals. The 2016 guidelines by

the Infectious Diseases Society of America (IDSA) and the

Society for Healthcare Epidemiology of America on ‘‘Im-

plementing an Antibiotic Stewardship Program’’ provide a

strong recommendation (albeit based on ‘‘moderate-quality

evidence’’) that ‘‘hospitals implement PK monitoring and

adjustment programs for aminoglycosides’’ [67]. While

there is a good theoretical basis to propose TDM for this

drug class, it should be kept in mind that evidence for an

actual impact on clinical outcomes also remains suboptimal

[68].

Traditionally, aminoglycosides were administered sev-

eral times per day, but originally it was thought that they

should be administered by continuous infusion. Studies

done in the 1980s suggested that the antibacterial activity

of aminoglycosides was mainly concentration dependent

[69], with a ratio of C 8–10 of Cmax/MIC thought to pro-

vide the best efficacy [70–72]. These findings, together

with the risk for adaptive resistance (i.e. reduced antimi-

crobial killing in originally susceptible bacterial popula-

tions after initial incubation with the aminoglycoside) and

animal studies suggesting the potential for decreased renal

toxicity, have led to a shift from multiple daily dosing

regimens to once-daily dosing, i.e. administering higher

doses (to increase Cmax), but at extended intervals [73–75].

Current dosing regimens are quite variable, with once-

daily doses of 3–7.5 mg/kg the most frequently used. But

higher doses have been described as well, for example,

gentamicin at 8 mg/kg in ICU patients [76] and 10 mg/kg

tobramycin in patients with cystic fibrosis [77]. A target

attainment rate of approximately 50% was reported in a

retrospective analysis of 102 ICU patients receiving a

loading dose of 7 mg/kg tobramycin in the treatment of P.

aeruginosa with a target Cmax/MIC ratio of 10 [78], and

another study using 8 mg/kg once-daily doses of gentam-

icin concluded that it seems impossible to obtain a Cmax/

MIC ratio of 8 in critically ill patients [76].

More recent data suggest, however, that the fAUC/MIC

may actually be the better parameter to predict efficacy,

with a target of 70–75 fAUC24/MIC for Enterobacteriaceae

and 82 fAUC24/MIC for P. aeruginosa [31, 79, 80]. But

since the PK/PD indices Cmax/MIC and AUC/MIC corre-

late strongly for aminoglycosides, it is expected that higher

doses will be recommended with the revised European

Committee on Antimicrobial Susceptibility Testing

(EUCAST) breakpoints when AUC/MIC is used as the

index. Alternatively, it may be advised that aminoglyco-

sides be used only in combination with a second active

antimicrobial.

Until recently there has been some resistance to rec-

ommending extended interval (once-daily) dosing for

aminoglycosides in the case of endocarditis caused by

Gram-positive bacteria, since data from animal models

suggested improved synergy with more frequent adminis-

trations [81]. The 2015 European guidelines for the man-

agement of infective endocarditis now, however, also

recommend extended-interval dosing [82].

Some infectious disease societies have published

guidelines on recommended dosing regimens and TDM of

aminoglycosides [83, 84]. Simply stated, peak levels of

aminoglycosides are associated with efficacy, and trough

levels predict toxicity. Interestingly, the recent US endo-

carditis guidelines continue to recommend multiple daily

administrations in the case of enterococcal endocarditis

[85], illustrating that the issue of how best to administer

aminoglycosides is far from being resolved.

6.1 Peak-Level Monitoring

If aminoglycosides are administered once daily, peak levels

(obtained after the distribution phase usually 30 min after

completion of the 30-min infusion) are typically assumed

to be in the therapeutic range due to the high dose

administered, and thus routine TDM of peak levels is often

not recommended. It is important to keep in mind, how-

ever, that in critically ill patients, the Vd for these hydro-

philic substances may be significantly increased. Thus in

many situations in the ICU setting (septic shock, burns,

ventilated patients, cystic fibrosis, febrile neutropenia), it

may still be worthwhile to draw peak levels (roughly 1 h

after the start of administration) to confirm that they are

sufficiently elevated [84].

6.2 Trough-Level Monitoring

Given the risk of potentially irreversible renal and (po-

tentially irreversible) ototoxicity, there is a general con-

sensus to limit the duration of aminoglycoside

administration to the strict minimum necessary (e.g. by

limiting administration to the empiric phase of treatment

until susceptibility data are available). Thus if the dura-

tion of administration does not exceed 3–5 days, TDM of

trough levels is probably not useful. If the treatment plan

includes longer durations (e.g. infections with extensively

drug-resistant organisms or endocarditis), TDM of trough

levels should be performed. There is no clear consensus

on how often to repeat levels, but a frequent recommen-

dation is to check levels at least weekly and more fre-

quently if there is reason to believe that changes in

pharmacokinetics have occurred (e.g. changes in renal

function). Furthermore, recommended peak and trough

target concentrations vary widely, reflecting the uncer-

tainties in our knowledge of the PK/PD of these drugs

despite their use for decades.
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7 TDM of the Glycopeptides

Relative to beta-lactam TDM, vancomycin TDM is well

researched and firmly established in clinical culture. As

described above, regular serum levels to guard against

toxicity were necessary with the earlier, non-purified for-

mulations. As with most beta-lactams, the primary goal of

vancomycin TDM today is to ensure adequate exposure,

though toxicity can still be a concern, particularly when the

drug is administered for durations of more than a few days.

Recommendations with specific PK/PD targets for

vancomycin TDM were issued in 2009 by IDSA and

continue to be highly relevant [86]. There is some clinical

evidence that targeting higher trough levels increases the

probability for improved clinical and microbiologic out-

comes in infections due to methicillin-resistant Staphylo-

coccus aureus. A value of AUC24/MIC of C 400 has been

found to be associated with improved clinical outcome;

trough levels of 15–20 mg/L correspond well to this ratio,

making them appropriate for sampling [2]. A recent meta-

analysis lends support; it assessed the impact of low

(\15 mg/L) versus high (C 15 mg/L) vancomycin trough

levels on clinical efficacy in these infections; this cutoff

was chosen to match the 2009 recommendation for trough

levels of 15–20 mg/L for serious infections. There was

significantly higher mortality in pneumonia patients with

lower trough concentrations (OR 1.78, 95% CI 1.11–2.84),

and microbiologic failure rates were significantly higher in

all patients with low vancomycin levels (OR 1.56, 95% CI

1.08–2.26) [87]. We thus recommend vancomycin TDM as

described in the 2009 IDSA guidelines for S. aureus

infections.

Few hospitals routinely perform TDM of teicoplanin,

and thus it remains understudied. There are indications,

however, that its use in optimising teicoplanin dosing is

associated with improved bacteriologic [88] and clinical

[89–91] outcomes. Yet most data are retrospective; here

randomised trials are also needed. Harmonised recom-

mendations for monitoring are also lacking; currently there

are different targets for various clinical indications (see

[92]).

8 TDM of Quinolones

Routine TDM of quinolones is practiced in few hospitals

[93, 94], and there are very few reports in the literature. A

positive outcome correlates with the AUC/MIC, and most

studies on ciprofloxacin have used a target value of AUC24/

MIC[125 or fAUC24/MIC[90 in the treatment of Gram-

negative bacteria [94–98]. This target was reached in less

than 50% of adults treated intravenously with ciprofloxacin

300mg every 12 hours (q12 h) for a respiratory tract

infection [97]. In elderly patients with lower respiratory

tract infections, wide inter-patient variability in exposure

after treatment with ciprofloxacin was reported, indicating

the need for TDM in this group [99]. TDM was also

advised in a study of severely obese patients [body mass

index (BMI) C 40 kg/m2], where doses were also guided

by creatinine clearance [100]. But even among healthy

volunteers, target attainment rates of the 400 mg every 8

hours (q8 h) regimen were low [101].

In critically ill patients, intravenous doses of cipro-

floxacin 400 mg q12 h resulted in such wide inter-patient

variability in exposure that study investigators generally

recommended against reducing doses in critically ill

patients with impaired renal function [94]; the same dosing

scheme was shown to be inadequate in another pharma-

cokinetic study [102]. Khachman et al. also examined

target attainment in critically ill patients, exploring dif-

ferent dosing regimens using Monte-Carlo simulations

[98]. In line with other studies, they found attainments to

be low, and even questioned the use of ciprofloxacin at all

in the treatment of P. aeruginosa and Acinetobacter bau-

mannii, since even with a daily dose of 2400 mg, target

attainment rates for these microorganisms were 79 and

66%, respectively. These data are further supported by an

interim analysis of an ongoing trial in critically ill patients

suggesting that only a minority of patients receiving a high-

dose regimen of ciprofloxacin (400 mg q8 h) reached

pharmacokinetic targets [103]. Thus TDM for quinolones

in this population is also likely warranted and requires

further study.

9 Conclusions

The current practice of antibiotic TDM is heterogeneous,

influenced by historical context, and often dependent upon

local culture. TDM of the aminoglycosides and van-

comycin is well known and generally practiced. But the use

of this tool for other antibiotic classes is on the rise, par-

ticularly for the beta-lactam antibiotics, whose dosing

optimisation is now critical in light of increasing global

antimicrobial resistance. Beta-lactam TDM, with a rec-

ommended pharmacokinetic target of 100% fT[MIC,

should be considered early on in order to ensure adequate

antibiotic exposure in any critically ill patient with a severe

infection, though well designed randomised trials directly

showing the clinical benefit of beta-lactam TDM are

lacking. For aminoglycosides, the PK/PD index has shifted

from Cmax/MIC to AUC/MIC, and several studies suggest

that currently used dosing regimens are inadequate. Opti-

mising aminoglycoside administration through potentially

higher doses while controlling for toxicity requires further
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exploration. Finally, while quinolone TDM is not regularly

practiced, available evidence increasingly points to poor

target attainment with currently used dosing schemes. For

all TDM in individual patients, the antibiotic’s MIC plays a

crucial role in determining TDM targets, and should

accordingly be measured whenever possible.
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