&953,%: UNIVERSITA
S v 13'”’1 DEGLI STUDI
| “ A]]Lr l O %ﬁ?ﬁﬁ% DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

The management of anti-infective agents in intensive care units: the potential role of a ‘fast’
pharmacology

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1797747 since 2021-08-23T15:46:12Z

Published version:
DOI:10.1080/17512433.2020.1759413
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

23 June 2024



THE MANAGEMENT OF ANTIINFECTIVE AGENTS IN INTENSIVE CARE UNITS:

THE POTENTIAL ROLE OF A “FAST” PHARMACOLOGY

Dario Cattaneo, PhD!?, Alberto Corona, MD?, Francesco Giuseppe De Rosa, MD*,

Cristina Gervasoni, MD??, Danijela Kocic, PhD®, and Deborah JE Marriott, MD’

!Unit of Clinical Pharmacology, ASST Fatebenefratelli Sacco University Hospital, Milan, Italy
’Gestione Ambulatoriale Politerapie (GAP) Outpatient Clinic, ASST Fatebenefratelli Sacco
University Hospital, Milan, Italy
3Intensive Care Unit, ASST Fatebenefratelli Sacco, University Hospital, Milan, Italy
“Department of Medical Sciences, Infectious Diseases, University of Turin, Turin, Italy
>Department of Infectious Diseases, ASST Fatebenefratelli Sacco University Hospital, Milan, Italy
SDepartment of Clinical Pharmacology and Toxicology, St Vincent's Hospital Sydney, Australia
’Department of Clinical Microbiology and Infectious Diseases, St Vincent's Hospital, Sydney,

Australia

Contact: Dario Cattaneo, PhD
Unit of Clinical Pharmacology
ASST Fatebenefratelli Sacco University Hospital,
via GB Grassi 74, 20157 Milano, Italy

dario.cattaneo@asst-fbf-sacco.it



Abstract

Introduction: Patients in intensive care units (ICU) are often develop severe infections in which
are associated with significant mortality rates. A number of novel technologies for the rapid
microbiological diagnosis of these infections have been developed, introducing the era of ‘fast
microbiology’. Treatment of bacterial and fungal infections in ICU is however complicated by
alterations in the pharmacokinetics of antimicrobial agents.

Areas covered: We review novel pharmacologic tools that can be used to optimize anti-infective
therapies and patient management in ICU. A MEDLINE Pubmed search for articles published from
January 1995 to 2019 was completed matching the terms pharmacokinetics and pharmacology with
antimicrobial agents and ICU or critically-ill patients. Moreover, additional studies were identified
from the reference list of retrieved articles.

Expert opinion: Several tools are in development for the full automation of the analytical methods
used for the quantification of antimicrobial concentrations within a few hours after sample
collection. Ad hoc software with adaptive feedback is also available for appropriate dose
adjustments based on both individual patient covariate data and therapeutic drug monitoring (TDM)
data when available. The application of these technological improvements in the clinical practice

should open the way to a “fast pharmacology” at the bedside.
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1. Introduction

Patients in intensive care units (ICU) differ considerably from those in other hospital wards, having
a higher level of sickness severity requiring tailored and aggressive medical interventions and often
present with or contract severe infections. Multidrug-resistant (MDR) organisms are also common
in this setting [1]. As a result, these patients have substantial mortality rates (40-65%), particularly
if they have a high severity of illness score, sepsis and septic shock [2,3].

Given this background, immediate and appropriate anti-infective therapy — defined in terms of
timely commencement of pharmacologic treatment with appropriate spectrum for the pathogen(s) —
is mandatory to improve the clinical outcome of ICU patients [4]. Anti-infective therapy for ICU
patients is initially empirical but revised when the results of the microbiological tests become
available, previously 48-96 hours after collection of specimens. However, in recent years a number
of novel technologies for the microbiological diagnosis of infections that provide results in a shorter
time frame when compared with conventional diagnostic approaches have been developed [5,6].
These technological improvements have opened the era of fast microbiology (also referred as fast-
track microbiology).

It must be recognised, however, that microbiology represents only one of the key disciplines in this
setting. In fact, successful treatment of severe infections in ICU is based on a proper antimicrobial
stewardship program [7]. This includes the selection of the most appropriate antimicrobial agent(s)
and ensuring adequate exposure whilst taking into consideration both the pathophysiologic changes
of ICU patients and the physicochemical properties of the antimicrobial agent(s) administered to
reach optimal pharmacokinetic/pharmacodynamic (PK/PD) targets [8-10]. This task may be
accomplished by multidisciplinary teams involving all caregivers (i.e. clinical pharmacologists,
pharmacists, microbiologists, physicians, nurses, etc.).

In this review, we firstly review the clinical and pharmacokinetic issues of anti-infective agents in

ICU. The second section of the manuscript covers the novel pharmacologic tools that can be used to



optimize anti-infective therapies and patient management in ICU which, when combined with

microbiological tools, should open the way to “fast pharmacology” at the bedside.

2.1 Clinical issues: Infections in the ICU patient

A high prevalence of infections has been described from both medical and surgical ICU. A recent
European multicentre study reported that the proportion of infected patients in ICUs can be as high
as 50%; and most of these are healthcare associated [11]. Indeed, ICU patients are at greater risk of
developing health care-associated infections (HCAI) (from 9 to 37% compared with 5-15% of the
all hospitalized patients) [12] for several reasons such as co-morbidities (i.e. diabetes, chronic lung
diseases, etc.), longer stay, impaired host defences, immunosuppressive therapies, older age,
colonization by pathogenic or potentially pathogenic microorganisms which are likely to exhibit
multi-drug resistance, and invasive diagnostic and monitoring procedures (i.e. endotracheal
intubation, central venous catheterization, urinary tract catheters, or mechanical ventilation) [13-
15].

The most commonly reported site of infections in the ICU patient is the respiratory tract [13,16,17].
Although the development of nosocomial pneumonia is associated with similar risk factors to other
nosocomial infections, there are some predisposing factors that are specific to pulmonary infections:
these include endotracheal intubation, mechanical ventilation and micro-aspiration of
oropharyngeal secretions. Endotracheal intubation with mechanical ventilation increases the risk of
nosocomial pneumonia by 6 to 21 times as it bypasses local defences such as coughing, sneezing,
and muco-ciliary clearance. Urinary tract infections, generally associated with the presence of a
urinary catheter, are the second most common site of nosocomial infection accounting for 8-35% of
infections [13]; the consequences of these infections are usually less severe than for other types of
HCAI [13]. The main causes of ICU-acquired bacteraemia are intravascular catheters (29.2%)
followed by lower respiratory tract (18.0%) and digestive tract (13.6%) infections; however, the

source of ICU-acquired bacteraemia cannot be determined in approximately 25% of cases [18].



The most common organisms causing community-acquired infections resulting in ICU admission
are S.pneumoniae and S. aureus (Gram positive organisms) and E. coli (Gram negative organisms).
Available beta-lactam antibiotics active against these bacteria did not change in the past decade;
however, extended spectrum beta-lactamase-producing E. coli and community acquired methicillin-
resistant S. aureus (MRSA) are increasingly reported. In the majority of studies, Gram-negative
bacteria have been reported as the most common cause of ICU-acquired infections.

Among the different pathogens, 16%-20% include MDR phenotypes: MRSA, vancomycin-
resistant E. faecium, carbapenem-resistant P. aeruginosa, extended-spectrum cephalosporin-
resistant K. pneumoniae, K. oxytoca, E. coli, and Enterobacter species, and carbapenem-resistant P.
aeruginosa, K. pneumoniae/ K. oxytoca, E. coli, Enterobacter species, and A. baumannii [19,20]
The burden of antimicrobial resistance in ICU is increasing as the severity of patient illness
increases, variation in infection control practices and inappropriate antibiotic selection can exert
selective pressure on the normal antimicrobial flora resulting in endogenous colonisation with
potentially pathogenic organisms [21]. Conversely exogenous colonisation arises from cross-
transmission via direct contact, droplet, or aerosol spread from patients, staff, visitors or inanimate
objects. For example, direct contact can include spread from the hands of health-care workers or
visitors and from contaminated equipment and infusions [13].

Infections in ICU increase morbidity, mortality and length of hospital stay and increase health
resource utilization and health care costs [22-24]. Management of these infections includes
implementation of antimicrobial stewardship protocols, targeted active microbiology surveillance
but above all a rapid etiologic microbiological diagnosis and early use of appropriate antimicrobial

therapy.

2.2 Pharmacokinetic issues
A basic understanding of pharmacokinetics is important for clinicians when prescribing drugs. This

is particularly true for anti-infective agents because under-dosing may result in treatment failure and



increase the likelihood of the development of antimicrobial resistance [9,25]. The achievement of
optimal antimicrobial exposure is difficult in clinical practice because most of these drugs are
administered according to standard dosing regimens which do not take into account
pathophysiologic and/or iatrogenic factors that are likely to affect the pharmacokinetics in ICU
patients. This makes the management of antimicrobial therapy in these patients extremely
challenging [9,10,25]. The effects of altered pathophysiology in ICU patients on the
pharmacokinetics of antimicrobial agents have been recently reviewed [10,26-31] and are briefly
summarized below (Table 1).

The most frequently altered pharmacokinetic parameter in ICU patients is the volume of
distribution. Infections result in a significant increase in the production of endogenous mediators
which can cause endothelial damage, increased capillary permeability and capillary leakage
resulting in a shift of the fluids from the intravascular compartment to the interstitial space (third
spacing); This is usually treated with fluid resuscitation and catecholamines which, in turn, can
cause a significant expansion of the extracellular fluid volumes and, therefore, the apparent volume
of distribution of several drugs, including antimicrobial agents. These events cause a significant
“dilution” of the systemic concentrations of antibiotics characterized by a low volume of
distribution (i.e. less than 20 L such as beta-lactams, aminoglycosides) resulting in suboptimal drug
exposure [32]. Conversely, drugs with a large volume of distribution, such as azithromycin,
tigecycline, clarithromycin and fluoroquinolones, would be expected to be minimally affected [32].

Approximately 35-40% of ICU patients are severely hypoalbuminemic (serum albumin
concentrations < 2 g/dL) [33,34]. This needs to be taken into account when these patients are
treated with highly bound antimicrobial agents (those with a drug protein binding >80%), especially
if these drugs have some degree of renal elimination. The reduced concentration of albumin is
likely to increase the free drug fraction available for elimination through the kidneys resulting in

sub-therapeutic drug concentrations. It has been reported that the clearance of highly protein bound



antibiotics such as ertapenem, daptomycin, flucloxacillin, ceftriaxone, can be increased up to 100-
500% in hypoalbuminemic ICU patients [33,34].

Another important clinical condition that needs to be carefully considered in ICU is altered renal
function, especially when hydrophilic antimicrobials are administered. Acute kidney injury results
in reduced drug excretion whilst augmented renal clearance (usually defined by a creatinine
clearance >130 mL/min) is associated with a 2-to-8-fold increase in the clearance of renally
excreted drugs such as the beta-lactam antibiotics [26,27]. The attending physician must be aware
of the creatinine clearance and make the appropriate dose adjustments as renal function changes
over time.

Even more complicated is the selection of the optimal antimicrobial dose in patients with
extracorporeal clearance (i.e. renal replacement therapy and/or ECMO). For many recently
approved antimicrobial agents there is data on their pharmacokinetics in the intermittent
hemodialysis patient. However, approximately 5% of ICU patients are treated with continuous renal
replacement therapies, such as continuous veno-venous hemofiltration (CVVH), continuous veno-
venous hemodialysis (CVVHD) or continuous veno-venous hemodiafiltration (CVVHDF) instead
of intermittent hemodialysis to better maintain hemodynamic stability [35]. However,
pharmacokinetic data of many antimicrobial agents in continuous renal replacement therapy
(CRRT) is largely lacking. The same is unfortunately true also for ECMO, an invasive intervention
that is increasingly used in ICU to assist critically ill patients with severe lung and/or heart
dysfunction. The scanty data available for older drugs have shown that the variable characteristics
of ECMO procedures result in large intra- and inter-individual drug pharmacokinetics [36,37].
Finally, drugs metabolized by the hepatic route may be affected in ICU patients with acute or
chronic forms of hepatic dysfunction caused by infection associated with hepatocellular injury,

ischemia, hemolysis or direct damage from drug-related hepatotoxicity [38].



2.3 Drug-drug interaction issues in ICU

Patients admitted to the ICU are at high risk for drug-drug interactions (DDIs) due to the significant
number of drugs prescribed and the complexity of drug regimens in this clinical setting [39]. As a
consequence, an analysis of risk factors for adverse events in ICU patients reported that an
increasing number of medications and DDIs was associated with a higher risk of injury [40].

With regard to DDIs specifically involving anti-infective agents, according to available literature a
significant number of patients experienced at least one DDI during their ICU admission, with the
antifungal drug fluconazole ranking in the top-ten DDIs, followed by aminoglycosides and
macrolides [39,41,42]. More recently, Kusku et al [43] analyzed data from 5 different hospitals and
reported that DDIs with antimicrobial agents represented 26% of all interactions, with 42% and
38% of them “contraindicated” and “major”, respectively according to the Micromedex online
reference system. Notably, apart from the azoles, quinolones, metronidazole, linezolid, and
clarithromycin were responsible for 92% of the reported DDIs. In multivariate analysis, the number
of prescribed antimicrobial agents (odds ratio: 2.3), the number of prescribed drugs (odds ratio:
1.2), and hospitalization in a university hospital (odds ratio: 1.8) were independent risk factors for
developing DDIs. Similarly, Mehralian and co-workers in their cross-sectional prospective study
found that 60% of ICU patients had at least one DDI [41]; nearly 87% of them, involving mainly
antibiotics, were scored as harmful. Of particular relevance, DDIs involving metronidazole, azoles,
azithromycin and quinolones have been associated with QT prolongation. [44,45].

It is clear that the implementation of appropriate programs and interventions aimed to reduce the
frequency of DDIs in ICU is critical. An additional important role of a “fast” clinical pharmacology
would be the correct and prompt identification of clinically relevant DDIs, taking advantage from
both the availability of dedicated drug interaction software [46] and the therapeutic drug monitoring
(TDM) of anti-infective and non-anti-infective medications when available [47]. Indeed,
preliminary but consistent evidence is now available showing that a combination of the evaluation

of potential DDIs by clinical pharmacy/pharmacology services and the monitoring of critically ill



patients is an effective strategy that can be used as complementary tool for safety assessments and

the prevention of drug-related adverse events in ICU patients [39,46].

3. The fast microbiology: an example to follow

A disadvantage of traditional bacteriological culture techniques has always been the time taken
between inoculation of the agar plates and the growth and identification of the pathogenic
organisms. In other areas of microbiology such as virology the problem was even greater as routine
laboratories were unable to culture viruses and many viruses were difficult to grow even in tissue
culture systems. Therefore, rapid diagnostics were not possible and microbiology remained
relatively unchanged for many decades. Recently there has been a remarkable effort to develop
novel technologies for faster microbiological diagnosis and antimicrobial susceptibility testing,
enabling information on pathogen identification and, in some cases, antimicrobial resistance
profiles in a shorter timeframe when compared with the conventional diagnostic workflow which
involves subculture followed by identification and antimicrobial susceptibility testing carried out
from isolated bacterial or fungal colonies. A result could be available within hours, as opposed to
the 72 hours required by conventional methods.

The concept of fast microbiology was first introduced by Mulatero ef a/ in 2011 [6] who proposed
the following definition: fast microbiology is based on a premise of faster results, reducing the time
needed for a result, to allow earlier and optimized patient management. There is no universal
consensus on the definition of ‘fast’, but it is reasonable to describe it as obtaining the result within
a working day shift (i.e. 8 h) [48].

In recent years a number of novel technologies for the microbiological diagnosis of bacterial
infections have been developed that return result in a shorter timeframe when compared with
conventional diagnostic approaches. Rapid methods that do not use culture or cultivation of
serological processes have gained popularity because they can expedite diagnosis and aid

antimicrobial stewardship by reducing the time to appropriate antimicrobial chemotherapy. Rapid



microbial identification and antimicrobial susceptibility testing techniques have been recently
reviewed and their detailed description is beyond the scope of the present analysis [5,49,50]. They
include multiplex polymerase chain reaction (PCR), matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) and lateral flow assays or immuno-
chromatographic methods. Novel technologies for rapid diagnosis may still require positive blood
cultures or, in selected cases, can work directly from blood specimens. Among these techniques, the
implementation of MALDI-TOF MS has increased significantly in the last 10 years and it is now
considered a robust technique for rapid microbial identification [50]. This is achieved by searching
databases containing mass spectra of peptides and proteins extracted from microorganisms of
interest, using scoring algorithms to match analysed spectra with reference spectra to identify an
organism.

Irrespective of the technology adopted, a critical component of success is the expertise of the
clinical microbiologist. Although the way in which microbiological testing is performed may
change, the expert interpretation of test results and the proposal of targeted treatments will remain.
Moreover, it must be stressed that the utility of fast microbiology for guidance in the choice of
antibiotic therapy should be interpreted in the context of how well physicians choose empiric
therapy when facing a challenging clinical situation. Nevertheless, we believe that fast
microbiology is a good example of how the optimization of antibiotic therapy can be based on
laboratory data matched with specific expertise in the field, providing the rationale for the potential

implementation of a fast pharmacology, as detailed in the next sections.

4. The potential role of a fast pharmacology in ICU: definitions

A PUBMED search of the term “fast pharmacology” retrieved no results. In the following sections
we propose fast pharmacology as a branch of clinical pharmacology by direct analogy with what
has been achieved in microbiology and enabled by improvements in analytical techniques. The

concept of fast pharmacology facilitates the application of the pharmacologic concepts at the
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bedside with the goal of improving the safety and efficacy of antimicrobial therapy for ICU

patients.

4.1 Therapeutic drug monitoring of anti-infective agents: analytical aspects

TDM is the clinical practice of measuring drugs to optimise individual dosage regimens. This
approach is usually adopted in patients treated with narrow therapeutic index drugs such as the
aminoglycoside antibiotics. However, it is increasingly recognized that there is a role for TDM for
drugs with a wide therapeutic index especially in the ICU setting [51]. However, for TDM to be
clinically useful, validated bioanalytical assays with a rapid turnaround time to be used for the

quantification of anti-infective drugs in biological matrices are essential.

4.1. 1. Commercial kits available for the quantification of antibiotics

Historically, the analytical approach to TDM in serum or plasma utilised gas chromatography or
high performance liquid chromatography usually coupled with ultraviolet (UV), photo-dyode array
(PDA) or fluorescence detector. This approach further evolved towards immunoassay analysis to
accommodate minimal sample preparation and faster turnaround times. However, the immunoassay
technique is only available for a restricted range of antimicrobial drugs (Table 2). Even with this
limitation, the use of immunoassays in automated chemistry labs for specific assays can offer
adequate accuracy and precision and appropriate turnaround times for the critical decision making
point.

As shown in Table 2, commercial kits are available for the quantification of antimicrobial agents
using liquid-chromatography coupled to mass spectrometry (LC-MS/MS); however, the setting-up
of the analytical methods is time-consuming and requires expertise in the field and dedicated
personnel. In addition, these kits cover a limited range of available antimicrobial agents. The only

option for the application of TDM for all the other anti-infective drugs not included in Table 2, is
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through the development and proper validation of in-house methods, taking advantage of

technological innovations detailed below.

4.1.2. The improvements in LC-MS/MS

The use of LC-MS-MS has been expanding rapidly over the last 10 years. The need for ever-
increasing productivity in the laboratory and decreasing the time to perform an assay are part of the
driving force behind the development of a new field of separation science: the Ultra High Pressure
Liquid Chromatography (UHPLC). Coupling UHPLC instruments with tandem mass spectrometry
detectors offers superior specificity, higher throughput, better sensitivity and resolution and the
ability to undertake qualitative and quantitative analysis on multiple assays within in a single
sample analysis. The run times on these assays can very between 5 and 10 minutes depending on
many factors such as physical and chemical properties of the analytes, the number of analyses being
monitored simultaneously, sample clean up and chromatography and sensitivity of MS detector.

A new liquid-chromatography column technology offers a novel approach to fast chromatography
using “Active Flow Technology”. This unique design offers up to 5-times higher flow rates through
the column, with the ability to perform a radial split of the flow at the column outlet, thus still
having the appropriate flow rate being delivered to the MS without compromising the ion source,
with the remaining flow diverted to waste. The Active Flow Technology column is designed for
ultra-high-throughput assays, enabling reductions of up to 80% in run-time and the ability to
overcome well known challenges and limitations of the interface between LC and MS detector. This
technology has been developed by Thermo Scientific in partnership with Western Sydney
University, Australia and is in process of being commercialised.

To take full advantage of LC-MS/MS as an analytical technique in the clinical setting, it has
traditionally been necessary to employ highly skilled scientists to operate the instruments making it
an expensive method. The use of automation or simplified techniques to reduce costs is thus

desirable.
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4.1.3 The improvements in pre-analytical step

Some laboratories are attempting to overall turnaround times by automating the pre-analytical
component of a TDM assay with the use of robotics and/or liquid handling instrument. This non-
integrated approach still offers improvements in speed, elimination of human error and less operator
involvement, as well as the ability to mix-and-match sample preparation devices with LC and MS
equipment from different vendors. There are a large number of robots available from multiple
vendors, accommodating numerous applications. The selection of appropriate automation is
depended on the technique (i.e. protein precipitation, liquid-liquid extraction, solid-phase
extraction, etc.) used for the sample preparation and the flow of the laboratory and thus will be
specific for the needs of the individual laboratory.

Liquid handling instruments from Tecan® and Hamilton® are designed as flexible, programmable
and modular systems that can perform a range of pipetting functions to and from all sample
containers typically used in the TDM laboratory including primary tubes, vials and well-plates that
can be placed directly into the HPLC autosampler. These systems can greatly accelerate sample
preparation steps through the use of multi-channel flow-paths simultaneously processing multiple
samples, are flexible to more challenging analytes and allow for the use of (washable) re-usable or
disposable pipette tips to control sample carryover.

Tecan® market a range of liquid-handling systems with the Freedom EVO® Clinical system
specifically geared towards the workflow and regulatory needs of TDM laboratories. Products with
similar capabilities, but marked as Research Use Only, are sold by Hamilton, Gilson and Beckman
Coulter Life Sciences division. The benefit of these systems is the range of sample preparation
techniques that can be automated, as well as a much larger sample capacity than fully-LCMS-

integrated systems described below.

4.1.4. Towards automated clinical analysers for LC-MS/MS
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To further improve turnaround times and minimize of the need for highly trained scientists, some
vendors have worked towards the development of fully automated clinical analysers incorporating
robotic sample preparation and a full LC-MS/MS system in a single unit. These analysers offer the
benefits of traditional immunoassay-based automated analysers with minimal sample preparation
and involvement required from the operator as well as the specificity offered by mass spectrometry
detection. Currently two vendors offer these type of analysers; the CLAM (Clinical Laboratory
Automated Module) from Shimadzu and the Thermo Fisher Scientific Cascadion SM Clinical
Analyser.

The CLAM 2000 is based on precipitation and filtration analyser technology and can analyse a
range of different biological matrices such as blood, plasma, serum and urine. This instrument is
labeled as “For Research Use Only” and “Not for use in diagnostic procedures”; however fully
automated methods can be validated as in-house in vitro diagnostics (IVDs). Technical notes and
application methods for this system are available from the Shimadzu website.

The limitations of this analyser are the ability to couple only Shimadzu MS instruments (8040;
8045; 8050; 8060) to CLAM and the sample capacity of 60. This is not a problem during the day
when the autosampler can be continuously replenished but it is not an ideal solution for overnight
runs due to the limited capacity.

Based on the same principles the Cascadion SM Clinical Analyser is all-in-one clinical analyser
with LC-MS/MS technology designed to meet the needs of routine clinical laboratories. The
Cascadion can support the analysis of serum, plasma and whole blood and has the capacity of 60
positions for samples and 60 positions for reagents and controls. The mass spectrometry
component is integrated into the unit and is designed to be operated by any user in the laboratory.
The Product is IVD/CE-marked but not 510(k) cleared and not available for sale in the U.S. As for
the CLAM-2000 system, the Cascadian limits laboratories to a single choice of LC-MS vendor and
the limited sample capacity is not suited to overnight or otherwise unattended running, particularly

for rapid methods.
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4.1.5 Towards eliminating the separation step

While not yet commercially available, mass spectrometry vendor SCIEX, along with their academic
and commercial partners, has recently demonstrated some novel and revolutionary approaches to
fast analysis by removing the rate-limiting step of the chromatographic separation. A device
referred to as the “Open Port Probe” allows for open-access introduction of samples into the mass
spectrometer source via a constant stream of carrier liquid. Gomez-Rios ef al. [52] used Solid Phase
Micro-Extraction (SPME) to capture and concentrate clinically-relevant analytes from urine with
subsequent introduction into a Quadrupole-Linear-lon-Trap mass spectrometer equipped with a
Differential Mobility Spectrometry device via the open-port-probe. Loss of specificity resulting
from removal of the chromatographic separation was demonstrated to have been circumvented by
the use of differential mobility separation or multistage fragmentation, with acceptable quantitative
accuracy and precision from analyses requiring only 10-15sec.

More recently, scientists from Labcyte Inc. have demonstrated the use of acoustic liquid handling,
where nanoliter-sized droplets can be ejected with accuracy and precision from liquid samples
contained in a standard well-plate coupled to mass spectrometry (Acoustic Injection Mass
Spectrometry) for ultra-high throughput bioanalysis. While still early in the development cycle, the
coupling of acoustic sampling to the open port probe (OPP) shows promise to greatly reduce the
need for extensive sample preparation and liquid chromatography separation before tandem-MS

analysis with potential throughput of up to three samples per second [53].

4.2 Therapeutic drug monitoring of anti-infective agents: an update of therapeutic ranges

The issue of TDM of anti-infective agents in critically ill patients has been recently reviewed by

Jager et al [51]. Here, we briefly summarise and update the available evidence on this topic.
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4.2.1 TDM and antimicrobial toxicity

The TDM of antimicrobial agents has been clearly proven to be of great clinical relevance for the
management and prevention of drug-related toxicity. Indeed, extensive evidence is available
demonstrating that aminoglycoside-associated nephrotoxicity or ototoxicity and vancomycin-
associated nephrotoxicity are dependent on the absolute drug concentrations and the duration of
exposure, providing a solid rationale for the adoption of trough-based TDM as mandatory tool to
optimize the use of these antibiotics in clinical practice (reviewed in [51]). Recent studies have also
identified trough concentrations predictive of colistin-related nephrotoxicity [54] and teicoplanin-
associated neutropenia [55].

Beta-lactam antibiotics are usually well tolerated. Drug-related toxicity is generally ascribed to
hypersensitivity reactions, independent from drug dose or drug overexposure. However, a
retrospective analysis by Imani ef al documented significant associations between toxic
concentrations of piperacillin, meropenem, flucloxacillin and drug-related neurotoxic/nephrotoxic
effects [56]. Similarly, consistent and significant associations have been reported between high
cefepime trough concentrations and drug-related toxicity [57-59] although there appears to be
heterogeneity in the upper therapeutic threshold to be adopted to prevent cefepime-induced
neurological complications.

The oxazolidinone antibiotic linezolid is associated with severe adverse effects including
thrombocytopenia, peripheral neuropathy, lactic acidosis and optic neuropathy. Without careful
management, the toxicity of linezolid may outweigh the benefits of continuing treatment for
extended periods of time as the risk of adverse effects increases with exposure and duration of
treatment. Monitoring trough concentrations is used to prevent linezolid toxicity; decreasing the
linezolid dose and/or frequency whenever trough concentrations exceed a pre-established toxicity
threshold (usually set at 8 mg/L) can decrease the risk of toxicity, primarily thrombocytopenia
(reviewed in [60]). The potential relationship between linezolid exposure and toxicity is less clearly

defined for other adverse effects such as neuropathy and lactic acidosis.
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With respect to antifungal agents, solid and consistent evidence is available demonstrating a
significant association between voriconazole trough concentrations and drug-related neurological
and hepatic adverse events. Two recently published meta-analyses have indeed shown that the
likelihood of toxicity associated with supratherapeutic voriconazole trough concentrations (that is
trough>4 or trough >6 mg/L according to the meta-analysis considered) was 3-to-4-fold that of
therapeutic concentrations [61,62].

A proposal for upper threshold values for drug concentrations that should not be exceeded to limit

antimicrobial toxicity is outlined in Table 3.

4.2.2 TDM and antimicrobial efficacy

The relationship between absolute drug concentrations and antimicrobial efficacy is more
controversial. For some drugs such as teicoplanin, rifampicin, linezolid and voriconazole,
concentrations-based minimum therapeutic thresholds targets have been proposed for drug efficacy
[51] (Table 3). A meta-analysis of more than 20 studies has recently demonstrated that patients with
therapeutic voriconazole blood concentrations (that is trough >1 mg/L) were more likely to have
successful outcomes when compared with those with subtherapeutic drug concentrations (odd ratio:
2.3) [61].

Nevertheless, this approach can no longer be considered adequate because it does not take into
account the different degree of sensitivity/resistance of a pathogen for a given drug, as exemplified
in Figure 1. More correctly, the definition of therapeutic efficacy thresholds, at least for antibiotics,
should rely on PK/PD targets (see section 5 for a detailed discussion on this topic). This is less
evident for antifungal agents probably due to the difficulties to obtain susceptibility testing and/or

minimum inhibitory concentration (MIC) values for these drugs.
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5. Matching fast microbiology with fast pharmacology: new timings of PK/PD assessments at
the bedside

In the previous sections we have emphasized how in the critically ill patient there are significant
variations in the processes of distribution and elimination of drugs and how the TDM can help to
quantify the individual variations. However, the PK of antimicrobial agents may have limited
clinical consequences if not adequately matched with their PD which reflects the relationship
between the drug concentrations and the antimicrobial effect.

The primary measure of antibiotic activity is the MIC which is defined as the minimum
antimicrobial concentration that prevents growth of the pathogen in vitro. When a MIC is not
available international breakpoints can be used as surrogates for the actual MIC [63]. However, it
must be remembered that the MIC value simply reflects the potency of the given antimicrobial and
provides no information regarding the time-course of antimicrobial effect nor whether the rate of
bacterial killing may be altered in vivo by inadequate drug exposure [25]. Accordingly, the best
way to categorize an antibiotic or an antifungal drug is through the combination of the PK/PD
characteristics as it defines the individualized drug exposure necessary to ensure the optimal drug
effectiveness for a given pathogen. In the past, this was considered merely a theoretical concept;
however, thanks to the identification of clinically relevant PK/PD targets measurable in hospital
laboratories, individualized dosing strategies have been recently proposed [51,64].

Antimicrobial agents can be classified according to the 3 pharmacodyamic properties of antibiotics
that best describe killing activity: time-dependence, concentration-dependence, and persistent
effects such as post-antibiotic effect which is defined as the persistent suppression of bacterial
growth following antibiotic exposure. Time dependent antibiotics, where the rate of killing is
determined by the length of time necessary to kill, include the beta-lactam agents. Concentration-
dependent antibiotics, where killing is dependent on increasing concentrations of the drug, include
aminoglycosides, daptomycin and fluoroquinolones. Some antimicrobial agents such as

azithromycin, clindamycin, vancomycin, oxazolidinones and tetracycline exhibit mixedtime-
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dependent and concentration-dependent properties. The optimal PK/PD parameter for time,
concentration and mixed dependence is T>MIC, Cmax/MIC and 24 hr AUC/MIC respectively.
For example, for beta-lactams antimicrobial agents, increments in the blood concentrations have
minimal effects on bacterial killing, whereas maintaining drug concentrations above the MIC of the
pathogen for a portion of the dosing interval has been shown to best predict microbiologic efficacy
[25,51,64]. The PK/PD characteristics of time-dependent antibiotics is theoretically optimized by
increased frequency of drug administration or through prolonged or continuous infusion regimens.
Despite these promising findings, conflicting results have been noted in more recent studies [65,66],
leading to ambiguity regarding the role of this dosing strategy in critically ill patients.

The concentration-dependent antimicrobial agents include “pure” concentration-dependent drugs
such as aminoglycosides, daptomycin, and echinocandins which are best characterized by peak-to-
MIC ratio (Cmax/MIC) for which strategies aimed at maximizing the magnitude of drug
concentrations should be pursued. Mixed concentration-dependent drugs with time-dependency
such as fluoroquinolones, glycopeptides, oxazolidinones or antifungal triazoles are best
characterized by area under the curve-to-MIC ratio (AUC/MIC), for which strategies aimed at
maximizing drug exposure should be adopted. The PK/PD targets for these 3 classes of
antimicrobial agents is summarised in Table 3.

A growing body of literature has been published in the last 2-3 years showing that licensed standard
doses of antimicrobial agents are often insufficient to achieve PK/PD targets in ICU patients. This
has been demonstrated for linezolid [67,68], meropenem [69], ceftriaxone [70], piperacillin-
tazobactam [71], daptomycin [72] and antifungal agents [73,74]. Patients at risk of not attaining
these targets would benefit from drug dose intensification, with significant improvements in the
clinical cure rates. Indeed, Ruiz et al have recently demonstrated that an amikacin CmawMIC ratio
>6 was directly related to the response to treatment and the lack of selection of resistant bacteria in
critically ill patients [75]. Similarly, Xu and co-workers prospectively compared standard (50 mg

twice daily) versus high doses (100 mg twice daily) of tigecycline for the treatment of pneumonia
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caused by MDR bacteria and demonstrated that an AUC/MIC ratio >10 was associated with a
higher frequency of clinical cure rate in ICU patients [76]. Similar findings have been reported for
other antimicrobial agents as reviewed in [28,29].

These concepts are likely to become even more important in the management of infections in ICU
patients considering the new definitions of intermediate (I) microorganisms recently revised by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST). Intermediate
microorganisms are now categorized as "Susceptible, increased exposure" when there is a high
likelihood of therapeutic success if exposure to the agent is increased by adjusting the dosing
regimen or the concentration at the site of infection; within this definition, exposure is a function of
how the mode of administration, dose, dosing interval, infusion time, as well as distribution and
excretion of the antimicrobial agent will influence the infecting organism at the site of infection. In
other words, this new definition emphasizes the importance of optimizing antimicrobial exposure

through the application of the above mentioned PK/PD targets.

6. Conclusions

The current scenario of persisting poor outcomes for ICU patients with infection, as well as the
documented association between suboptimal antimicrobial exposure and treatment failure, call for
the urgent and rapid optimization of drug dosing in this clinical setting. A fast pharmacology could
help to address this issue by providing TDM results with a short turnaround time and by guiding
physicians in the rational adjustment of antibiotic and/or antifungal doses by proper identification
and weight of the clinical variables eventually affecting drug pharmacokinetics in ICU through the
use of nomograms or dedicated dosing software (reviewed in [77-79]).

Prospective clinical trials are, however, required to determine whether a fast pharmacology-based
approach (ideally combined with a fast microbiology to reach PK/PD targets) can significantly

improve the treatment of infections in ICU patients.

-20 -



7. Expert Opinion

Actual challenges for the widespread application of a fast-track pharmacology for antimicrobial
agents relate to the availability of bioanalytic assays for routine TDM analysis. Only a limited
number of commercial kits are actually available for the quantification of antimicrobial agents,
primarily the beta-lactam antibiotics and the azole antifungal agents. However, several tools are in
development for the full automation of LC-MS/MS methods that could favor the widespread
diffusion of these analytical techniques into hospital laboratories, allowing the quantification of
drug concentrations in a few hours after sample collection for virtually all antimicrobial agents.
Other concerns include the lack of clear-cut definition of therapeutic ranges for all antimicrobial
agents, disagreement on which drug concentrations to be measured (total versus free fraction) and
which biological matrix should to be considered (plasma taken as surrogate marker of systemic
drug availability versus tissue drug concentrations), as well as lack of data on the pharmacokinetics
of these drugs in ICU patients undergoing complex dialysis procedures or ECMO in terms of
implementation for each antibiotic of a “standardized” Sieving coefficient and “easy equation” to
enable the correct loading and maintenance dose. Growing literature is now available demonstrating
that the application of TDM in the routine clinical management of antimicrobial agents (mainly
glicopeptides, aminoglycosides, beta-lactams, linezolid and voriconazole) can quantify the
contribution of dialysis procedures on drug disposition. However, in the clinical practice, dose
adjustments based on TDM results remains largely empiric. This can be significantly improved
using drug dosing software with adaptive feedback [64,79]. Indeed, when software packages are
implemented in the patient electronic folder or in management software for intensive therapies, they
can provide customized software-driven recommendations for dose adjustments based on both
individual patient covariate data and TDM data when available [79,80]. Available computerized
programs, which generally utilize the Bayesian estimation procedures to optimize antibiotic dosing

therapy especially in ICU setting have been recently reviewed [79,81].
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The importance of matching pharmacokinetic/TDM data with microbiological data with the goal of
reaching the PK/PD targets associated with optimal response to antimicrobial therapy has been
emphasized in the text. It must be considered, however, that such PK/PD targets usually rely on the
measurement of single MIC determinations which are imprecise measurements [82,83]. Mouton et
al have suggested ways to further improve the validity of MIC results. In particular, they showed
that only repeated measurements of MICs for individual strains within one laboratory may provide
an indication of differences in susceptibility between strains [82]. Moreover, they also suggested
interpretation of the MIC for target attainment under various conditions, taking into account the
MIC found, the number of dilution used, the laboratory proficiency and the extent of the WT
distribution [83].

Novel surrogate PD markers of antimicrobial responses as alternative to MIC have been recently
proposed [84]. Wilson et al have demonstrated that the area under the concentration-time curve
required to produce half maximal response (AUC:EC50) can be a useful PK-PD index which
reflects both host and bacterial response to ceftriaxone in vivo. Preliminary results are encouraging

but proper clinical validation in real-life settings is required.
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Legend to the Figures

Figure 1
The upper panel depicts the time-course blood concentrations of an oral antimicrobial (dashed lines
represent different MIC values). The table describes the probability to reach a pre-specified PK/PD

cutoff according to different MIC values but at equal drug trough concentrations.
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