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ABSTRACT

The high prevalence of infectious diseases in the
intensive care unit (ICU) and consequently
elevated pressure for immediate and effective
treatment have led to increased antimicrobial
therapy consumption and misuse. Moreover,
the emerging global threat of antimicrobial
resistance and lack of novel antimicrobials jus-
tify the implementation of judicious antimi-
crobial stewardship programs (ASP) in the ICU.
However, even though the importance of ASP is
generally accepted, its implementation in the
ICU is far from optimal and current evidence
regarding strategies such as de-escalation
remains controversial. The limitations of

clinical guidance for antimicrobial therapy ini-
tiation and discontinuation have led to multi-
ple studies for the evaluation of more objective
tools, such as biomarkers as adjuncts for ASP.
C-reactive protein and procalcitonin can be
adequate for clinical use in acute infectious
diseases, the latter being the most studied for
ASP purposes. Although promising, current
evidence highlights challenges in biomarker
application and interpretation. Furthermore,
the physiological alterations in the critically ill
render pharmacokinetics and pharmacody-
namics crucial parameters for adequate antimi-
crobial therapy use. Individual pharmacokinetic
and pharmacodynamic targets can reduce
antimicrobial therapy misuse and risk of
antimicrobial resistance.
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Nova Medical School, CHRC, New University of
Lisbon, Lisbon, Portugal

P. Póvoa
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Key Summary Points

Antimicrobial stewardship program
implementation remains suboptimal in
the intensive care setting, where frequent
prescription of broad-spectrum
antimicrobial therapy and its misuse pose
significant risk of antimicrobial resistance,
adverse effects, and economic burden.

Biomarkers can be considered promising
adjuncts for antimicrobial stewardship but
knowledge of their strengths and
limitations is key to avoiding
misinterpretation and misuse.

Procalcitonin-guided therapeutic
decisions have been linked to decrease in
antimicrobial therapy duration; however,
no clear mortality benefit has been found.

Procalcitonin study limitations such as
low protocol adherence, high risk of bias,
and longer antimicrobial therapy duration
in non-procalcitonin groups call for future
well-structured trials.

Modified pharmacokinetics in the
critically ill, such as augmented renal
clearance and increased volume of
distribution, pose as risks for suboptimal
antimicrobial therapy and therapeutic
failure.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13169528.

INTRODUCTION

Infections are not only common causes of
intensive care unit (ICU) admission but also

frequent culprits of ICU-associated complica-
tions [1–3]. Although the beneficial aspects of
antimicrobial therapy (AMT) are well acknowl-
edged, the potentially associated harms are
often underestimated [4]. Moreover, recent data
indicate that about 70% of ICU patients are
undergoing AMT [1] and up to 60% of these
prescriptions are inadequate [5–8]. Naturally,
antimicrobial stewardship programs (ASP)
should constitute a pivotal part of ICU thera-
peutic decision-making.

The World Health Organization has declared
antimicrobial resistance (AMR) a global health
security threat, requiring immediate action [9].
In the face of rising AMR and elevated clinical
and economic burdens of antimicrobial usage in
the ICU, the regular implementation of ASP
must be encouraged. Despite the elevated
prevalence of infectious disease and clinicians’
experience, diagnosis remains challenging as
there is no gold standard diagnostic test. This
has turned the spotlight onto biomarkers as
promising adjunctive tools in ASP [10, 11].
Pharmacokinetic (PK) and pharmacodynamic
(PD) issues concerning the critically ill and
adequate therapeutic drug monitoring (TDM)
should be taken into consideration when
implementing ASP strategies [12].

This review provides an update on ASP,
namely regarding its importance in the ICU and
the roles biomarkers, PK, and PD play in ASP
implementation.

METHODS

This article is based on previously conducted
studies and contains previous studies performed
by Pedro Póvoa and Luı́s Coelho. The authors
conducted an updated review article focusing
on the most recent evidence in the ICU setting.
Preference was given to randomized controlled
trials, although these are scarce amongst certain
aspects of ASP, such as antimicrobial de-escala-
tion. Relevant updated guidelines and respec-
tive quality of evidence were also discussed. The
review of potential biomarkers was centered on
the most widely studied—procalcitonin and
C-reactive protein.
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ANTIMICROBIAL STEWARDSHIP:
WHAT IS THE PROBLEM?

In the ICU setting, AMR is a widely acknowl-
edged problem, justifying the crucial need for
optimal AMT usage. Affected patients are at
increased risk for worse clinical outcomes,
mortality, and higher consumption of health-
care resources [4, 13].

In cases of severe infections, early adminis-
tration of AMT is proven to lower mortality
[14]. On the basis of this benefit, Surviving
Sepsis Campaign (SSC) guidelines strongly rec-
ommend early initiation of AMT [15]. The risk
of missing the potential window of opportunity
frequently leads to a ‘‘safe path’’ of antimicro-
bials [16]. In addition to AMT timing [17], its
adequacy is equally important. Patients with
septic shock, for example, exhibit higher mor-
tality rates with inadequate empirical regimens
[18–22].

The well-acknowledged need for AMT and its
impact on patient outcomes naturally hinder
the implementation of ASP. The critically ill
patient is the highest per-capita antimicrobial
consumer [1, 4]. Moreover, critical illness itself,
risks of organ support, and inherent immuno-
suppression of the majority of ICU patients all
confer a predisposition for infectious compli-
cations [2] as well as unpredictable changes in
PK and PD of AMT.

Current evidence advocates shorter AMT
courses without negative impact on clinical
outcomes in different infections and clinical
settings [23–27]. However, limitations, such as
frequently insufficient microbiological infor-
mation, can make therapeutic accuracy and
duration questionable aspects of care [28].

Antibiotic Stewardship Programs in ICU

The large burden of AMT consumption in the
ICU setting should motivate intensivists to
become active participants in developing,
implementing, and promoting ASP. These
should strive to reduce antibiotic consumption,
resistance, and adverse side effects, whilst
improving patient outcomes and economic
burden [2, 29]. A team approach and use of

clinical decision support systems are helpful
adjuncts for ASP improvement.

Antimicrobial De-escalation

Antimicrobial de-escalation (ADE) has been
encouraged as a strategy for ASP since 2001,
with hopes of decreasing harm from broad-
spectrum AMT as well as pressure for AMR
emergence [30]. SSC guidelines recognize the
importance of ADE, advocating its daily assess-
ment, discontinuation of combination therapy,
and narrowing AMT spectrum if clinical
improvement or signs of infection resolution
exist [15].

Unfortunately, ADE in the ICU remains
suboptimal. The DIANA study, a prospective
observational study, recently assessed ADE in
adult ICUs of 28 countries. Only a minority of
patients were subject to ADE on day 3 of
empirical AMT even though combination ther-
apy and carbapenems were frequently pre-
scribed [31]. Severity of illness was higher than
in previous studies that reported more frequent
ADE [32], possibly justifying the lower ADE rate.
Although clinical cure on day 7 (primary out-
come) was higher in the ADE cohort, no impact
on ICU and hospital length of stay (LOS) or
28-day mortality was found. The observational
nature of the study cannot account for all con-
founding factors affecting therapeutic decisions
and primary outcomes [31].

ADE remains a controversial topic, with
available literature comprised essentially of
observational studies and one small randomized
controlled trial (RCT) [18, 33]. Although prob-
ably safe, selection bias prevails as clinicians
apparently resort more to ADE in patients with
favorable clinical progress [29]. Moreover, even
the definition of ADE remains unclear and its
impact on AMR poorly established [18, 33].

Leone et al. were the first to test ADE in an
RCT. The ADE group showed longer durations
of AMT, most likely related to the higher
prevalence of superinfections in the group.
Although the incidence of organ failure was not
superior and mortality not affected, treatment
was not blind and ADE definition arbitrary [34].
Posteriorly, De Bus et al. also associated ADE
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with fewer AMT-free days and longer ICU LOS
[35].

In the setting of conflicting evidence, the
European Society of Intensive Care Medicine
and European Society of Clinical Microbiology
and Infectious Diseases recently reviewed
existing evidence on ADE and its effects on the
critically ill. Thirteen recommendations were
published, although many associated with low
quality of evidence. ADE was deemed most
likely safe regarding outcomes, but linked to a
risk of increased total duration of AMT. Conse-
quently, although both the duration of AMT
and ADE should integrate ASP strategies, their
assessment should be made separately. Ideally,
ADE should occur within 24 h of culture and
antibiogram results. No recommendation was
made regarding the effect of ADE on AMR, use
of biomarkers when considering ADE or TDM,
and improved patient outcomes [33].

ADE can provide an unjustified sense of
security with the assumption that short courses
of empirical AMT do not impact AMR [18].
However, the ecological consequences of broad-
spectrum AMT start within days of first thera-
peutic courses [36]. Caution should be exercised
to prevent indiscriminate choices of broad-
spectrum AMT since this is not innocuous [18].

BIOMARKERS

Diagnostic workup for infections can be chal-
lenging and delayed AMT initiation leads to
increased mortality in severe infections [14]. In
both community (CAP) and hospital-acquired
pneumonia (HAP), for example, clinical and
radiologic criteria have poor sensitivity and
specificity. Moreover, microbiologic documen-
tation is often delayed [21, 37, 38]. Diagnostic
hardships have encouraged clinicians to seek
objective solutions; and biomarkers, namely
those of the inflammatory cascade, have been
sought as surrogate markers of infection [11].

AMT guidance with biomarkers can promote
treatment individualization, thereby preventing
nonessential antimicrobial exposure and
reducing treatment failure rates [23]. In the
setting of infectious diseases, they should be
easily available for routine clinical use and

provide diagnostic, prognostic, and therapy
follow-up characteristics [28].

Their potential roles in initiation and dis-
continuation of AMT have been sought to
improve ASP. Some biomarkers are hard to
implement in an acute emergency care setting.
C-reactive protein (CRP) and procalcitonin
(PCT) comprise the few biomarkers with ade-
quate characteristics for clinical use in acute
infections [11, 28], although diagnostic accu-
racy is not optimal and neither possesses
specificity for source of infection [37, 39]. CRP
can present a more attractive low-cost alterna-
tive to PCT, considering the high testing costs
of the latter [23].

Role in Predicting Infection, Diagnosis,
and Initiation of Antimicrobial Therapy

Matson et al. were the first to point out that
serial measurements of CRP could alert clini-
cians to an elevated risk of infection. A 25%
increase in CRP concentration, in the absence of
non-infectious causes, was highly suggestive of
infection [40]. Few studies since then have
focused on the role of biomarkers before the
timing of diagnosis. Those that do exist are
dedicated to respiratory infections, namely HAP
[10]. One early observational study by Póvoa
et al. identified CRP patterns of progression
with different clinical courses and correlations
with infections in the ICU (Table 1). A daily
increase in CRP greater than 4.1 mg/dL was very
suggestive of infection, with a greater predictive
value for infection upon CRP concentrations of
8.7 mg/dL. Such data further emphasizes that
objective information obtained from longitu-
dinal kinetics of biomarkers could greatly aid
the clinician in decision-making, namely
regarding AMT initiation and culture sampling
[41]. Also in the recent BioVAP study, serial CRP
values were found useful for predicting venti-
lator-associated pneumonia (VAP) during the
first 6 days of mechanical ventilation while PCT
kinetics were not [42].

Various studies have analyzed PCT’s role in
distinguishing bacterial pneumonia from other
underlying etiologies at the time of diagnosis
and consequently guiding AMT use. In fact,
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early research of the randomized studies Pro-
CAP, ProRESP, and ProHosp, pointed to a
reduction in AMT prescription with the use of
PCT. However, an underlying risk of false neg-
ative results with low PCT levels was found as
well [43–45]. The CAPNETZ study also found a
high rate of overlap of PCT values between
bacterial and non-bacterial etiologies [46].
Recently Self et al., in a diagnostic accuracy
cohort study, evaluated PCT as a marker of CAP
etiology in hospitalized adult patients. No reli-
able cutoff distinguished bacterial from viral
causes, with the risk of not starting AMT in CAP.
However, generalization can be hampered by
some limitations, such as the impossibility of
PCT availability in about one-fifth of patients,
PCT measurements at admission instead of
serial values, and detection of pathogens not
necessarily responsible for infection [47].

Regarding PCT’s impact on AMT initiation,
Jensen et al. sought to evaluate whether a PCT-
complemented AMT escalation algorithm could
reduce time to initiate appropriate AMT and
improve survival in the critically ill, based on
the previously developed concept of ‘‘alert
PCT’’. No mortality benefit was found and ICU
LOS was increased [48]. Posteriorly, Layios et al.
also evaluated a PCT-based algorithm for ASP in
the ICU. No reduction in AMT exposure was
attained and PCT did not distinguish probable,
possible, or no infection upon AMT initiation
with an area under the curve of 0.69 [49].

Kamat et al., in a recent meta-analysis, found
that PCT level sensitivity and specificity were
insufficient (0.55 and 0.76, respectively) to dis-
tinguish viral from bacterial pneumonia, and
consequently to either promote or discourage
AMT initiation in cases of CAP [50].

A recent study by Coelho et al. provided
analysis of the prospective multinational
TAVeM database to differentiate VAP from
ventilator-associated tracheobronchitis using
CRP and PCT. Higher values of both biomarkers
were observed in VAP. However, overlap of
values in both infections refuted the biomark-
ers’ discriminatory capacity between these two
ventilator-associated lower respiratory tract
infections with different severity [51].

Although these biomarkers can assist clini-
cians with the aforementioned advantages,

clear knowledge of their limitations is essential
to prevent misuse and misinterpretation. Mén-
dez et al. recently related the inflammatory
profile of patients with CAP at the time of
diagnosis to the time of symptom onset. CRP
levels were significantly lower in early presen-
ters compared to PCT, interleukin-6 (IL-6), and
IL-8 levels. On the other hand, these were sig-
nificantly lower in non-early presenters while
CRP levels remained increased [52].

Assessment of Treatment Response
and Impact on Duration of Antimicrobial
Therapy

PCT appears to have a favorable impact on AMT
discontinuation and to be safe in patients with
sepsis [53]. However, its impact on mortality is
based on conflicting findings [54]. Various RCTs
associate PCT with a decreased duration of
AMT, albeit with some limitations such as low
algorithm compliance, high rate of patient
exclusion, possibly higher mortality and late
organ failure in PCT arms, long and sometimes
fixed duration of AMT in control groups, and
disregard for renal failure effect on PCT levels
[11, 55].

In the PRORATA trial, although mortality
was similar in both PCT and control groups,
antibiotic exposure was reduced in the PCT
group. However, clinicians were free to initiate
or end AMT irrespective of algorithm indica-
tions, reflecting low protocol compliance [56].

A recent meta-analysis conducted by Pepper
et al. reviewed PCT-guided AMT discontinua-
tion and mortality in the ICU adult patient [54].
Only one RCT designated mortality as a primary
outcome and no significant decrease in mor-
tality was found [57]. Improved survival and
decreased duration of AMT were essentially
observed in studies with low protocol adher-
ence and algorithms incorporating CRP. De
Jong et al. found a significant decrease in mor-
tality associated with PCT-guided AMT discon-
tinuation; however, survival benefit was not
clearly linked to management choices influ-
enced by PCT monitoring [58]. ASP implemen-
tation was not reported in any of the control
groups [54]. The high risk of bias and low-
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certainty evidence calls into question the
aforementioned benefits with PCT guidance.
Consequently, guidelines do not presently rec-
ommend AMT decisions based solely on PCT
values [38].

CRP can be a valuable marker of sepsis and
AMT response. Póvoa et al. evaluated the pat-
terns of serial CRP values in patients with sepsis
over a 5-day period. The CRP ratio response to
AMT was associated with clinical response and
prognosis. Survivors showed an evident
decrease in CRP values that was significantly
lower than those of nonsurvivors. Furthermore,
patients with no CRP ratio response had three
times the odds of dying when compared to
patients with a fast response [59].

Studies of CRP-guided algorithms are scarce,
namely in the adult ICU population [23]. Oli-
veira et al. compared PCT and CRP guidance
among ICU patients with sepsis in a single-
center study. Both were considered equally
useful in AMT reduction but no significant dif-
ference regarding AMT duration was found [60].
However, the maximum duration of AMT was
stipulated as 7 days regardless of biomarker
levels, reflecting a double trigger algorithm
(biomarker kinetics or duration of AMT).

In a recent RCT, Borges et al. tested the
impact of CRP-based protocols on AMT dura-
tion. The intervention group presented lower
AMT exposure, with a higher percentage of
AMT suspension up to the fifth day of follow-
up. However, lower AMT exposure was only
related to the index infection episode. The
findings did not reveal a benefit in total AMT
exposure or antibiotic-free days [23].

Von Dach et al., in an RCT, evaluated CRP-
guided AMT duration compared to 7-day and
14-day AMT regimens for Gram-negative bac-
teremia. The CRP-guided duration and fixed
7-day group were noninferior to the 14-day
group, with regards to 30-day clinical failure
rate. However, limitations of result interpreta-
tion exist due to a large non-inferiority margin,
low event rate, wide range of treatment dura-
tion in the CRP group (median 7 days), and low
adherence rate. Although not centered on ICU
admissions, findings reinforce that the patient’s
response, instead of predetermined fixed

duration AMT regimens, should guide ASP
decisions [61].

Barriers to PCT Implementation

Although results regarding PCT use have been
promising, barriers to its regular implementa-
tion still exist. The costs associated with test
realization, and consequently test availability,
are one aspect to consider. De Jong et al. in the
SAPS trial found a mean reduction of €35 per
patient in AMT expenses. The AMT cost benefits
could surpass PCT testing costs if these corre-
spond to €4 or less, a price still far from current
realities [58].

Effectively implemented ASP with clear pro-
tocols should facilitate PCT use in daily clinical
practice. However, as the aforementioned
studies have revealed, many PCT protocols
leave the clinician at liberty to determine AMT
duration, irrespective of protocol thresholds,
reflecting low protocol compliance. Studies
such as the PRORATA and SAPS trials witnessed
protocol overruling in more than 50% [56, 58],
reflecting that clinical judgement frequently
prevails.

Biomarkers in Progress

VAP is a common hospital-acquired infection
associated with high mortality. Considering the
hardships associated with clinical variables for
diagnosis, bronchoalveolar lavage fluid (BALF)
integrates the diagnostic workup for VAP.
However, definite microbiologic results are
often available only after AMT has been initi-
ated. Conway Morris et al., in a prospective
observational cohort study, evaluated the pro-
file of serum and BALF inflammatory markers in
patients with suspected VAP. The levels of IL-1b
and IL-8 showed high sensitivity (almost 100%)
and consequently high negative predictive
value [62].

Transcriptomics and metabolomics are cur-
rently under study as approaches for character-
izing bacterial DNA and metabolites of the host
or pathogen. Although various limitations exist
and studies are scarce, volatile organic com-
pounds (VOCs) obtained through non-invasive
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testing could provide promising tools for the
confirmation or exclusion of infection. Various
VOCs have been linked to the presence of
specific bacterial strains [63, 64]. Through
pathogen identification and discrimination of
underlying activity, distinguishing between
active infection and colonization could be pos-
sible [37]. Potential roles of various biomarkers
in sepsis are currently under investigation, but
substantial evidence is still lacking [11].

PHARMACOKINETICS
AND PHARMACODYNAMICS
OF THE ICU PATIENT
IN ANTIMICROBIAL STEWARDSHIP

Critical illness accentuates physiological fluc-
tuations, often due to organ dysfunction pro-
voked by underlying acute illness, exacerbated
chronic illness, and necessary interventions
[12, 65]. Efforts to achieve specific PK/PD targets
may help decrease risk of therapeutic failure and
AMR [65].

Pharmacokinetics

PK parameters [65, 66], together with dosage
strategy, determine drug serum concentrations
and consequently concentrations in tissues and
body fluids [66]. The modified PK in the ICU
patient, namely in terms of altered volume of
distribution (Vd) and drug clearance (Cl), chal-
lenge ASP optimization, encouraging AMT
dosage individualization [7, 12]. Intravenous
fluid loading, hypoalbuminemia, and endothe-
lial dysfunction with consequent capillary
leakage contribute to interstitial space expan-
sion in the critically ill. Diseases with exuberant
systemic inflammation accentuate this effect,
such as burn victims and patients with sepsis. In
the case of hydrophilic AMT (beta-lactams,
aminoglycosides, daptomycin, glycopeptides),
this can potentiate Vd expansion [67]. For pro-
tein-bound AMT (ceftriaxone, ertapenem, flu-
cloxacillin, daptomycin), an increase in their
unbound fraction, due to hypoalbuminemia,
causes greater distribution and Cl [68].

Clinicians are vigilant regarding decreased Cl
in renal impairment and necessary AMT
adjustments. However, many critically ill
patients demonstrate increased Cl despite nor-
mal serum creatinine values [69]. Udy et al. were
the first to introduce the concept of augmented
renal clearance (ARC) in the critically ill [70].
ARC is present in up to 80% of ICU patients,
thought to occur after an acute insult. Those at
risk are usually younger (less than 50 years old),
of male gender, with lower severity scores and a
history of trauma. A cutoff of creatinine clear-
ance of greater than 130 mL/min/1.73 m2 is the
most widely accepted, ideally obtained with a
8–24 h urine collection [69]. ARC poses the risk
of suboptimal AMT concentrations [71] and
subsequent treatment failure. Nevertheless, the
true implications on patient outcomes are
unclear [72].

Critically ill patients may require renal
replacement therapy (RRT) for acute kidney
injury. Extracorporeal drug handling may vary
considerably depending on various factors
(mode of RRT, filter porosity, protein binding,
molecular weight, blood flow and effluent rates,
etc.) [73]. Cl will depend essentially on the
dialysis dose of RRT and eventual residual
native renal function [74].

Pharmacodynamics

The PD of a drug reflects parameters of antimi-
crobial activity [75]. PD links PK exposure
(serum concentration) to the pharmacological
(capacity to kill or inhibit microbial growth)
and toxicological effects of the drug [12, 76].
The pattern of antimicrobial activity over time
is an important factor for effective dosage regi-
mens [75].

Concentration-dependent patterns of bacte-
ricidal activity are observed with fluoro-
quinolones, aminoglycosides, and
metronidazole’s effect on anaerobic bacteria
[77–79]. Time-dependent patterns rely on min-
imal concentration-dependent activity. Bacte-
ricidal saturation occurs at low multiples of
minimal inhibitory concentrations (MIC).
Therefore, concentration increases above these
values (four to five times MIC) do not result in
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faster or more extensive bactericidal activity
because of its dependence on the time of AMT
exposure. This pattern is observed in beta-lac-
tams, clindamycin, vancomycin, and macro-
lides. Consequently, dosage optimization
implies increasing duration of time serum levels
exceed the MIC, since regrowth of organisms
begins soon after serum concentrations are
below the MIC. On the contrary, for amino-
glycosides and fluoroquinolones, the main
pharmacokinetic/pharmacodynamic patterns
related to AMT efficiency are peak/MIC and/or
AUC/MIC ratios, reflecting concentration max-
imization [76].

Antibiotic Dosing and Monitoring in ICU

Increased knowledge of PK/PD, drug dosing,
and AMR in the critically ill has shifted the
rationale of TDM. Its importance goes beyond
the intent to minimize toxicity in drugs with
narrow therapeutic indices and complex PK
[12]. TDM can be a reliable method for indi-
vidualization and optimization of AMT dosing
[65].

Adequate TDM may improve AMT exposure.
However, suboptimal exposure may persist
because of PK alterations, and delays in results
can postpone dosage adjustments and clinical
impact [12, 80, 81]. TDM is justified for
antimicrobials with the following characteris-
tics: significant intra- and/or inter-individual PK
variability; defined exposure ranges that evoke
pharmacological responses (clinical response
and toxicity); defined sampling points; accurate
and timely bioanalytical assay methods for drug
dosing [12].

Mouton et al. pointed out that single MIC
measurements can be unreliable because of
variations in MIC. Inherent assay variations
exist, compromising accuracy and repro-
ducibility. Suboptimal dosing is a concern if the
single MIC value corresponds to the low end
of multiple MIC measurements [82]. Theoreti-
cally, when the MIC increases, PK exposure
should also increase to guarantee an optimal
PK/PD index. In the critically ill, this can be
relevant since underlying pathogens can exhibit
higher MICs [83]. Table 2 shows important PK

and PD characteristics regarding the antibiotics
for which TDM is currently recommended [12].

PK variability can challenge the accuracy of
PK/PD indices. Beta-lactams, the most com-
monly prescribed AMT in ICUs, are hydrophilic
drugs with consequent extracellular distribu-
tion, a small Vd, and renal excretion. Risk of
sub-therapeutic concentrations with increased
Vd and ARC could be overcome with prolonged
infusions of AMT. Regarding the main parame-
ters of PK, absorption and metabolism are issues
of little concern since in critically ill patients
beta-lactam administration is IV and excretion
is renal [65]. As previously mentioned, beta-
lactams are time-dependent and so the ideal PK/
PD target should involve the time unbound
drug concentration remains above the MIC
(%fT[MIC). Nevertheless, several studies dis-
criminate different levels for the same beta-lac-
tams to improve clinical outcomes
[7, 65, 84, 85]. Roberts et al. first demonstrated
that prolonged infusions of beta-lactams led to
higher drug concentrations (100% fT[MIC)
and consequently higher likelihood of a posi-
tive clinical outcome [7]. However, only a
minority of the patients with microbiologic
results had MIC measurements and none of the
PK/PD of concomitant antimicrobials was
assessed.

Unexplained PK variability, both inter- and
intra-individual, is frequent and should be
accounted for. TDM-based dosing adjustment is
useful when inter-individual variability prevails
since intra-individual variability can be over-
come with covariate-based strategies [12].
Trough sampling constitutes the usual PK sam-
pling for TDM, evaluating a single drug con-
centration against a therapeutic target. This is
the easiest method but also the least accurate.
Nomograms can be superior to conventional
dosing, integrating PK/PD indices with param-
eters of organ function [86, 87]. Nonetheless, to
include additional covariates such as weight,
single sampling is insufficient, and the timing
of sampling must be predefined and strictly
complied with.

Although for most antimicrobials TDM
appears beneficial, namely with aminoglyco-
sides, definitive data regarding the impact on
clinical outcomes is scarce [12]. Abdulla et al.

Adv Ther (2021) 38:164–179 173



Table 2 Pharmacokinetic and pharmacodynamic characteristics regarding antibiotics for which therapeutic drug moni-
toring is currently recommended [12]

Antimicrobial class Monitoring Sampling Target Toxicity threshold

Aminoglycosides AUC-based

Cmax/MIC

Cmin

Two

samplesa

One

sampleb

One samplec

AUC 80–120 mg h/L

Cmax/MIC C 8–10

Nephrotoxicity/ototoxicity

Gentamicin/tobramicin Cmin\ 0.5 mg/L Cmin[ 1 mg/L

Amikacin Cmin\ 2.5 mg/L Cmin[ 5 mg/L

Beta-lactams Cmin

Css

One samplec

One

sampled

100% fT[MIC

Css[MIC

Nephrotoxicity/neurotoxicity

Penicillins 50–100% fT[MIC Cmin[ 361 mg/L (piperacillin nephro-/

neurotoxicity)

Cephalosporins 45–100% fT[MIC Cmin[ 20 mg/L (cefepime neurotoxicity)

Carbapenems 50–100% fT[MIC Cmin[ 44.5 mg/L (meropenem nephro-/

neurotoxicity)

Glycopeptides

Vancomycin AUC/MIC

Cmin

Css

Two

samplese

One samplec

One

sampled

AUC (0–24)/

MIC C 400

Cmin C 15–20 mg/Lg

Css 20–25 mg/L

Nephrotoxicity

Cmin[ 20 mg/L

Teicoplanin Cmin One samplec Cmin C 15–30 mg/L No definite data

Others

Linezolidf Cmin One samplec Cmin 2–7 mg/L Cmin[ 7 (hematological)

AUC area under the concentration–time curve, Cmax/MIC ratio of maximum drug concentration to minimum inhibitory concentra-

tion, MIC minimum inhibitory concentration, Cmin trough drug concentration, Css average steady-state drug concentration, AUC

(0–24)/MIC ratio of the area under the concentration–time curve during a 24-h period to minimum inhibitory concentration
a One sample 30 min after the end of infusion and another 6–22 h after infusion
b 30 min after the end of infusion
c 30 min or just before next dosing
d One sample at any time point during the infusion
e 1 h after the end of infusion and another within 1–2 h of next infusion
f Sampling should occur 48 h after initiation
g For severe infections
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are currently conducting the DOLPHIN trial, a
multicenter RCT to determine the efficacy and
cost-effectiveness of beta-lactam and fluoro-
quinolone TDM, with ICU LOS as a primary
outcome [88].

CONCLUSIONS

Although the importance of ASP is unques-
tionable in the ICU, implementation is far from
ideal. PCT and CRP have proven to be readily
available biomarkers for more objective assess-
ment in the setting of acute illness. Although
recent RCT focusing on CRP-guided and multi-
ple studies of PCT-guided strategies found pos-
itive results regarding the reduction of AMT
duration, biomarkers should not be the only
factors used in therapeutic decision-making.
Various study limitations render questionable
levels of evidence regarding total AMT exposure
and survival benefits. Nevertheless, biomarkers
can be considered promising adjuncts for ASP.
Knowledge of their strengths and limitations
should guide their clinical application, ideally
alongside a global clinical evaluation. Future
studies on biomarker-guided therapy should
focus on populations similar to those found in
the ICU, namely regarding clinical severity and
prolonged AMT duration. PK and PD parameters
can help monitor AMT; however, evidence is
lacking regarding the impact of TDM on clinical
outcomes.
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