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Preface

Sepsis continues to be a major cause of morbidity and mortality worldwide. In the
United States alone, sepsis accounts for 210,000 deaths annually, at a cost of $17
billion [1]. However this represents only a fraction of the global burden of this syn-
drome, with an estimated 15—-19 million cases per year—the vast majority of which
occur in low income countries [2]. Albeit there has been significant investment in
developing clinical protocols and guidelines [3], and assessing novel pharmacologi-
cal interventions [4], 28-day mortality from sepsis in high income countries remains
around 20-25% [5, 6]. In addition to short-term mortality, septic patients suffer
from numerous complications and are at an increased risk of death for up to 5 years
following an acute event [7].

Fundamental principles in managing severe sepsis include early recognition,
control of the source of infection, resuscitation with intravenous (IV) fluids, and
infusion of vasoactive drugs [3]. Importantly, administration of appropriate
broad-spectrum IV antibiotics as soon as possible is now considered a quality of
care indicator in the management of this condition [8]. In this respect, the chosen
antibiotic agent(s) should have suitable intrinsic bactericidal or bacteriostatic
activity against the causative pathogen(s) and be administered in sufficient dose
to ensure adequate drug concentrations at the site of infection. While generic
critical care guidelines primarily focus on the former requirement, clinicians are
generally less certain about adequate dose selection, despite the very real impli-
cations for patients.

This uncertainty is primarily a consequence of the marked clinical heterogene-
ity and multisystem physiological derangement encountered in critical illness,
driven by both the underlying pathology and the interventions provided.
Anthropometric irregularities, chronic disease, administration of large volumes of
IV fluids, use of vasoactive medications, and application of extracorporeal support
modalities, in addition to alterations in major native organ function, are common
characteristics of this population. These perturbations will significantly impact
drug handling, such that antibiotic doses extrapolated from studies in healthy vol-
unteers or ambulatory patients are unlikely to achieve similar drug exposures in
this setting.
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Utilizing the knowledge and experience of numerous global experts in this
field, this text aims to comprehensively review the pharmacokinetic/pharmacody-
namic considerations concerning antibiotic prescription in the critically ill. Our
principal aim is to provide the reader with a complete understanding of these issues,
specifically the scientific and clinical imperatives underpinning dose optimization
in this setting. In this respect, the subject material ranges from basic antibiotic phar-
macokinetic/pharmacodynamic principles, through to dosing considerations in
pediatric patients, and those receiving extracorporeal membrane oxygenation
(ECMO).

Finally, while these data are critical in ensuring the right dose is selected for a
specific patient, it is salient to remind the reader that inadequate antibiotic exposure
also has significant ramifications for the wider community. Multidrug resistance is
an increasing problem globally, particularly in critical care units [9], and the wide-
spread use of antibiotics, in potentially subtherapeutic doses, may in part be to
blame [10]. As such, the information provided in this text must be viewed in this
context, in that the prescriber has a responsibility not only to their current patient,
but also future ones.

We hope you find the information provided herein useful in your everyday prac-
tice, as well as stimulating future research and discussion. We are deeply indebted
to all of the authors and collaborators involved with this project, as well as the medi-
cal, nursing, allied health staff, and patients who have generated much of the data
highlighted throughout the text.

Melbourne, VIC, Australia Andrew A. Udy
Herston, QLD, Australia Jason A. Roberts
Herston, QLD, Australia Jeffrey Lipman
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Chapter 1
Basic Pharmacokinetic Principles

Kashyap Patel and Carl M. Kirkpatrick

1.1 Introduction

Pharmacokinetics (PK) describes the time course of drug concentration following
dosing [1, 2]. It is broadly characterized by the transfer of drug into, within, and out
of the body as:

1. Input—drug movement from the site of administration to the systemic
circulation
2. Disposition—drug distribution and elimination from the systemic circulation

These kinetic processes are commonly referred to as the Absorption, Distribution,
Metabolism, and Elimination (ADME) of a drug.

The ultimate goal of drug development is to identify the optimal dosing regimens
that produce maximum treatment effect. Therapeutic benefit is achieved when drug
exposures exceed a given threshold for efficacy, yet remain below the toxicity
threshold [1]. An understanding of drug PK is therefore important as it provides the
link between dose administered and the time course of pharmacodynamic (PD) or
toxicokinetic (TK) response [3-5].

This chapter provides a brief overview of basic PK principles. The methods used
for parameter estimation is then discussed, as applied to research and clinical set-
tings. Finally, the implications of altered PK in critically ill patients are presented,
with specific reference to antibiotic dosing.
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1.2 Linear Pharmacokinetics

For most drugs, a proportional relationship is observed between concentration at
steady-state (Cy) or area under the concentration-time curve (AUC) and adminis-
tered dose. The PK of these drugs is described as /inear or dose independent and is
characterized by first-order processes. For drugs exhibiting linear PK, semi-log
concentration-versus-time plots will be parallel at different doses.

In contrast, nonlinearity occurs when the relationships between dose adminis-
tered and Cy, AUC or other PK parameters are not directly proportional. These
drugs demonstrate dose-dependent PK that is described by mixed-order, satura-
ble, Michaelis—Menten, or capacity-limited processes. Example antibiotics show-
ing nonlinear PK include dicloxacillin, which is saturated by active renal secretion
[6], and amoxicillin, for which absorption decreases with increasing dose [7].

1.3 Clearance

Clearance (CL) is the key PK parameter and is defined as the “volume of blood,
plasma or serum from which drug is irreversibly removed per unit time.” It is there-
fore expressed in volume/time units. Drug clearance may occur via several different
organs or pathways of elimination, including hepatic metabolism, renal, and biliary
excretion. Total drug removal therefore comprises the sum of all clearance compo-
nents (Eq. 1.1):

CLtot = CLmet + CLren + CLbil + CLoth (11)

where CL,,, CL,;,, CLy;, and CL,, represent the metabolic, renal, biliary, and other
mechanisms that constitute total (CL,,) clearance.

Physiologically, the rate of drug elimination across an organ is equal to the prod-
uct of blood flow rate (Q) and the arterial-venous concentration difference (Cy — Cy).
The extraction ratio (E) provides a measure of organ efficiency with respect to drug
removal and is based on mass-balance considerations (Eq. 1.2):

£ Rate of drug elimination _Q-(C, -C,) C, -C, (12)
Rate of drug presentation 0-(C,) C, '

Thus, organs that are highly efficient in eliminating drug will have venous
concentrations (Cy) that approximate zero and an extraction ratio approaching
unity. In contrast, organs that are incapable of drug removal will have an extrac-
tion ratio approaching zero, as a consequence of equivalent arterial and venous
drug concentrations (i.e., C, — Cy = 0). The organ clearance of drug is defined as
the product of the blood flow rate and extraction ratio (Eq. 1.3):

CL_, =0xE (1.3)

organ
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Practically, however, the estimation of organ drug clearance using the above for-
mula is challenging. Firstly, the experimental determination of arterial and venous
drug concentrations is difficult, particularly in humans. Secondly, blood flow rates
may not remain constant over a given study interval, thereby constraining its accu-
rate measurement.

The importance of drug clearance from a pharmacological perspective is demon-
strated by its relationship to the rate of maintenance dosing. Clearance is “the pro-
portionality constant that relates the rate of drug elimination to its corresponding
concentration at a given time in a relevant biological fluid” (Eq. 1.4):

Rate of drug elimination = CLxC (1.4)

Steady-state average drug concentrations (Cy .,..) are achieved when the rate of drug
input equals its rate of elimination and is the basis for maintenance dosing (Eq. 1.5):

Maintenence dosing rate=CLxC_, . (1.5)

The clinical impact of (Eq. 1.5) in achieving defined target steady-state concen-

trations is demonstrated in Fig. 1.1.
An alternative approach to estimating clearance is by using the AUC, which is a

measure of the total systemic exposure of drug (Eq. 1.6):

L Dose (1.6)
AUC

Thus, for drugs that are administered intravenously, clearance represents the
reciprocal of dose-normalized AUC or systemic exposure.
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Fig. 1.1 Concentration-time profile of a hypothetical drug administered at 100 mg by single intra-
venous (/ine), single oral (dashed line), or multiple oral (dotted line) dosing. The latter illustrates
use of maintenance dosing to achieve average steady-state plasma drug concentrations (Cpss ave.),
i.e., at five times the elimination half-life (7). Drug disposition is described by a one-compartment
model, with clearance 1 L/h, volume of distribution 5.77 L, and absorption rate constant 3 h™'.

Adapted from [8]
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1.4 Volume of Distribution

The volume of distribution (V) is a “proportionality constant that relates dose
administered to the achieved systemic drug concentration” (Eq. 1.7):

Dose = CxV (L.7)

This parameter is therefore the hypothetical or “apparent” volume into which a
drug distributes to equal its concentration in blood, plasma, or serum. It is expressed
in units of volume. Hydrophilic drugs are water soluble and are primarily distrib-
uted in the systemic circulation. As a result, these drugs have relatively small vol-
umes of distribution, and thereby achieve high target concentrations. Example
antibiotics that demonstrate low apparent volumes of distribution include the ami-
noglycosides such as gentamicin, tobramycin, and amikacin (V, ranging from 14 L
to 21 L) [9, 10]. In contrast, lipophilic drugs such as rifampicin or metronidazole
(V4 ~ 70 L) are distributed widely throughout the body and attain lower concentra-
tions in the systemic circulation [11].

Pharmacologically, a “loading” dose is often administered to rapidly achieve
defined target steady-state blood (plasma or serum) concentrations. Thus, Eq. 1.7 is
useful for calculating this loading dose, provided that the drug volume of distribu-
tion is known (Fig. 1.2).

For doripenem and meropenem, typical loading doses of 1000-2000 mg (V;
15-20 L) provide exposures in the 65-135 mg/L desired total drug concentration
range [12].

w
o

—- Loading dose then maintanence dose
— Maintanence dose only

N
o

10

Plasma concentration (mg/L)

Time (h)

Fig. 1.2 Demonstration of loading dose to quickly achieve average steady-state plasma drug con-
centrations (Cpss ave.). A loading dose of 1 g vancomycin was administered by intravenous infu-
sion (1 h), followed by maintenance dosing of 500 mg every 6 h. Vancomycin pharmacokinetics is
described for a 70 kg adult with creatinine clearance of 100 mL/min, using a model with clearance
2.99 L/h, central distribution volume 0.675 L/kg, peripheral distribution volume 0.732 L/kg and
inter-compartmental clearance 2.28 L/h [8]
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1.5 Half-Life

For drugs that demonstrate linear (dose-proportional) PK, the half-life (#,,) is
defined as the “time that it takes for its concentrations to halve.” The dimension of
half-life is in units of time. Half-life is directly proportional to drug volume of dis-
tribution but inversely proportional to its clearance (Eq. 1.8). While clearance and
volume of distribution are used to determine half-life, these two PK parameters are
independent of each other.

In(2)xV.
t, =% (1.8)

where In corresponds to the natural logarithm and is applicable to drugs displaying
exponential kinetics. Alternatively, the half-life is calculated using elimination rate
constant (k) that has units of per unit time (Eq. 1.9). This parameter is obtained by
determining the terminal slope of a log concentration-versus-time plot. Thus, if dos-
ing is discontinued following intravenous infusion, the concentration will decline
exponentially to <10% after four half-lives.

_In(2) (1.9)

The time course of drug accumulation is calculated using the elimination rate
constant and dosing interval, 7 (Eq. 1.10):

Accumulation factor = - (1.10)
1—exp(—k,x1)

For drugs administered via constant infusion, the concentration will approximate
>90% of steady-state following four half-lives. Thus, a hypothetical drug witha 6 h
half-life will achieve twice the steady-state concentration to monotherapy, if dosing
occurs every #,, (i.e., 6 h). The dosing interval is determined by three factors that
include administered dose, half-life, and drug potency (relating to efficacy, toxicity,
or both) or ECs, [3].

1.6 Plasma Protein Binding

Only unbound (and not total) drug concentrations are available for metabolism, tis-
sue distribution, or interaction with receptors to produce a pharmacological
response. In general, most acidic drugs bind predominantly to albumin, while basic
drugs bind to a;-acid glycoprotein or -lipoproteins. In vitro, the concentration of
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unbound drug changes with alterations in free fraction. However, in vivo the
unbound concentration remains unchanged despite alterations in free fraction or
total drug. This is because the steady-state unbound concentration is dependent only
on the maintenance dose rate and free clearance (see Eq. 1.5). Dose modification is
therefore not required with changes in protein binding since only unbound concen-
tration produces a given pharmacological effect.

1.7 Absorption

Extravascular routes of drug administration include dosing via any method that is
not intravenous, such as oral, subcutaneous, intramuscular, intranasal, intradermal,
or topical. Absorption is defined by the “movement of drug from the site of admin-
istration to the systemic circulation.” Thus, any delay or loss of drug during absorp-
tion may contribute to variability in response or compromised therapeutic effect.

Bioavailability describes both the rate and extent of absorption from site of dos-
ing to the systemic circulation. The extent of drug absorption (F) is defined by the
ratio of its AUC in blood, plasma, or serum after extravascular dosing, relative to
that following intravenous administration (Eq. 1.11).

AUC
F = 2 exmavaseutar. (1.11)

AU C intravenous

The rate of drug absorption is determined by the time at which maximal concen-
tration is achieved (T,,). Thus, oral formulations that are designed as slow, sus-
tained, or controlled release, allow for a delayed 7, when prolonged drug action is
required.

Several drug and physiological properties contribute to the rate and extent of
absorption. Prior to reaching the general circulation, drugs must dissolve in solution
and pass through various biological membranes. Drug physicochemical properties
that may influence absorption include the degree of ionization, partition coefficient,
and lipid solubility. Physiological factors comprise blood flow, vascularity, pH,
membrane nature, and area of the absorptive surface. For orally administered drugs,
additional contributors include gastric motility, food, and hepatic first-pass
metabolism.

1.8 Pharmacokinetic Analysis

In general, there are three methods that are routinely used for the analysis of PK
data, and comprise non-compartmental, standard two-stage and population model-
ling approaches. These models aim to quantify the dose—concentration relationship,
which in turn, can assist with understanding the association between exposure and
response [3, 4].
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1.8.1 Non-compartmental Analysis

This approach is model independent and is often utilized to evaluate dose proportion-
ality, drug disposition, and show bioequivalence [13]. Typically, the log trapezoidal
rule is used to calculate AUC to infinity or last sampling time and area under the first
moment curve (AUMC). Other PK parameters include maximal concentration (C,,,),
volume at steady-state (V,), Mean residence time (MRT), 7., CL, £/, and k.

Non-compartmental analysis is usually performed in a small number (10-30) of
subjects that have similar disease, renal function, and other pathophysiological
demographics. Patients are administered drug at a standard or test dose, followed
intensive sampling of blood samples across the initial or steady-state dosing inter-
val. The resulting data is then subject to non-compartmental calculations using sta-
tistical packages, or with specific software such as Phoenix WinNonlin®. Once
computed, the estimated outputs are often compared to healthy volunteer studies or
other patient subgroups using tests for demonstrating statistical significance.

A major disadvantage is that non-compartmental estimation is highly dependent
on study design, including subject number, characteristics, and the timing of sample
collection. Thus, while this approach may provide information on the statistical dif-
ferences between studies, extrapolation to other patient groups is not recommended.
Furthermore, no assumptions are made regarding drug distribution into other tis-
sues, including the site of disease or infection [14]. Non-compartmental analysis is
therefore not suitable for dose recommendation to patients with differing character-
istics or pathophysiological status.

1.8.2 Compartmental Modelling

Unlike the model-independent approach, this analysis describes the kinetics of drug
transfer into one or more hypothetical compartments [14]. In these models, the sys-
temic circulation is referred to as the central compartment and is used to predict drug
concentrations in blood, plasma, or serum. It should be noted that each compartment
does not represent a specific organ of the body, unless observed data are directly
obtained from that target site. Instead, each compartment characterizes differential
rates of drug distribution that appear as biphasic profiles in concentration-versus-time
curves. Thus, a rapid distribution of drug following intra- or extravascular dosing is
adequately described using a one-compartment model. Here, the term rapid indicates
that the rates of drug transfer from blood to all tissues or organs and back is equal and
instantaneous. In contrast, slower distribution implies that the equilibrium between
vasculature and a set of tissues or organs occurs over a finite period of time. As a
consequence, drug disposition is represented by several rates of distribution compris-
ing two or more compartments. Organs with high perfusion, such as the liver, blood,
and kidney, may therefore be pooled together to signify a single central compartment.
Other less perfused tissues, such as bones, cartilage, and fat, are indicative of a periph-
eral compartment, where drug distribution and equilibrium occurs at a slower rate.
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1.8.3 Standard Two-Stage Approach

This method of data analysis is performed in two stages. The first step estimates PK
parameters for each individual using their concentration-versus-time data after dos-
ing. A suitable structural model is used to fit the data, using the method of ordinary
least squares [15]. Specialized software packages such as Phoenix® WinNonlin are
typically suitable for this purpose. The second stage involves tabulation of PK
parameter estimates for all individuals and computation of summary statistics
including arithmetic or geometric means, medians, and standard deviations.

In general, the number of subjects routinely used for the two-stage approach is
comparable to that for non-compartmental analysis. However, some studies can
recruit larger patient numbers with wider demographic ranges to investigate the
influence of covariate effects on individual PK estimates. Statistical comparisons
can therefore be made between two different pathophysiological groups, such as
low and high renal function or healthy versus diseased subjects.

Several limitations exist when analyzing PK data using this method. Firstly, sim-
ilar to non-compartmental analyses, parameter estimation relies on study design,
subject-specific factors, and the frequency of obtaining blood or tissue samples.
Secondly, the resulting summary statistics may be influenced by outliers and there-
fore result in biased estimates. While it is possible to reduce the total number of
samples obtained per subject, a poor study design may produce inaccuracies in the
estimation of PK parameters. Lastly, interindividual variability includes assay
errors, thereby necessitating the development of sensitive and precise analytical
methods. These limitations may preclude the applicability of two-stage analyses in
designing future dosing recommendations.

1.8.4 Population Modelling

Nonlinear “mixed-effects” modelling is routinely used for PK estimation or simula-
tion, as a means to supporting the clinical development of therapeutics [3, 4, 15-17].
The term nonlinear indicates that the relationship between drug concentration
(dependent variable) is not proportional to time (independent variable) or PK model
parameters. The term “mixed-effects” comprises fixed effects and random effects
and are indicative of parameterization. The fixed effects component constitutes a
structural model, where parameters do not differ between individuals. In contrast,
random effects refer to the estimation of parameters that vary between subjects.
Thus, this modelling approach analyses data at both population and individual lev-
els, while simultaneously considering between-subject variability (BSV) and resid-
ual unexplained variability (RUV). The residual random error includes variability
associated with assays, as well as dosing and sampling or measurement.

Unlike non-compartmental or standard two-stage approaches, population model-
ling has the ability to include small subject numbers with intensive sampling, or larger
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patient groups that have very sparse datasets. As a consequence, this method is ideal
for populations where frequent sampling is ethically or logistically constrained, such
as children [18], neonates [19], or critically ill patient populations [20]. Furthermore,
nonlinear mixed-effects modelling is less likely to be influenced by outlier subjects or
concentration-time data. A useful feature of population analyses is the capacity to
handle censored data that are reported as below the limit of quantitation [21].

A key benefit is the ability of explore the relationships between random interin-
dividual variability and subject-specific covariate effects. The BSV is described by
predictable and random components (Eq. 1.12):

BSV,

total —

BSV

predictable

+BSV

random

(1.12)

where BSV gicuanle Tefers to that portion of the interindividual variability that is poten-
tially explained by inclusion of a covariate effect. Thus, BSV,,,¢.n indicates the remain-
ing aspect that cannot be described by covariates or patient demographics. Thus, an
informative covariate will lower the random variability associated with a given indi-
vidual parameter estimate. Clinically, an understanding of the relationships between PK
and covariate effects allows for the applicability of individualized dosing strategies.

Once fully developed, covariate PK models can be used to simulate hypothetical
patient subgroups, including extrapolation to pediatric [22] or critically ill popula-
tions [20]. Examples of optimized antimicrobial dosing include tobramycin in chil-
dren with cystic fibrosis [18], as well as cefepime [23] and cefpirome [24] in
intensive care patients. In addition, population modelling has also provided valuable
insights for dose recommendation of gentamicin [25], fluconazole, [26] and amino-
glycosides [27] in renal dysfunction. Several software packages have the capability
of conducting population analysis including NONMEM®, Monolix®, Phoenix®
NLME, S-ADAPT, or WinBUGS®.

1.8.5 Therapeutic Monitoring

From a clinical perspective, the above methods for PK estimation and dose indi-
vidualization are complex and relatively time consuming. Furthermore, therapeutic
drug monitoring rarely provides intensive sampling, with only peak or trough con-
centrations. Dose adjustment is therefore often undertaken using first principles or
educated guesses, rather than applying a formal PK modelling approach. A practical
alternative is the use of Bayesian forecasting that incorporate established PK mod-
els with covariate-parameter relationships defined a priori. Individualized patient
parameters can then be used to obtain a complete PK profile, with the ability to
optimize dosing so that target concentrations are achieved [18, 27]. Bayesian meth-
ods can therefore allow for the development of improved outcomes and reduced
toxicity following therapy in a practical clinical setting. Software packages that are
suitable for Bayesian approaches and therapeutic monitoring include TCIWorks or
USC-PAK.
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CrmaxMIC Concentration-

Dependent
€.g. aminoglycosides

AUC/MIC
e.g. fluoroquinolones

Time-Dependent
e.g. B-lactams

Concentration (mg/L)

Time (h)

Fig. 1.3 Pharmacokinetic and pharmacodynamic parameters of antibiotics on a concentration-
time curve. Key: 7> MIC is the time for which a drug’s plasma concentration remains above the
minimum inhibitory concentration (MIC) for a dosing period; C,,,,/MIC, the ratio of the maximum
plasma antibiotic concentration (C,,) to MIC; AUC/MIC, the ratio of the area under the
concentration-time curve during a 24 h time period (AUC »,) to MIC. Adapted from [20]

1.9 Pharmacodynamic Indices

For antimicrobial agents, the ability to inhibit or kill the growth of an infective organ-
ism is related to the exposures achieved at a given dose [28]. The PD index is defined
by determining the PK exposure relative to an in vitro measure known as the Minimum
Inhibitory Concentration (MIC). Kill or inhibition characteristics of antibiotics are
described as concentration- or time dependent or a combination of both. Thus, con-
centration-dependent killing is a measure of the ratio of C,,,, to the defined MIC (i.e.,
Chax/MIC). In contrast, time-dependence is characterized by the duration that an anti-
microbial remains above the MIC in a given dosing interval (i.e., 7> MIC). The ratio
of AUC at 24 h to the MIC (i.e., AUC,_,/MIC) describes drugs with both concentra-
tion- and time-dependent killing (Fig. 1.3). Examples of antibiotics classified using
these PD indices include the aminoglycosides (concentration-dependent), f-lactams
(time-dependent), and fluoroquinolones (concentration- with time-dependence) [20].
While the MIC is routinely used for PD assessment, a possible disadvantage is that it
is routinely measured at a single time that ignore potential kinetic differences.

1.10 Critical Illness

In intensive care patients, pathophysiological changes are common and can influ-
ence changes in the time course of drug concentration. The extrapolation of loading
or maintenance dose regimens using PK from healthy volunteer studies is therefore
inappropriate for maximizing therapeutic benefit (Table 1.1).
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Table 1.1 Influence of altered physiology on pharmacokinetics and recommendations to improve
dosing strategies

PK Possible drug Dosing

Physiology effect effect recommendation

| Intravascular volume 1 Observed C,,,x | Toxicity 1 Infusion time

1 Capillary leakage 1 Crais T Vs Therapeutic failure 1 Loading does; maintain
daily dose

1 Organ function 1t CL Therapeutic failure | 1 Daily dose

| Organ function | CL Toxicity Maintain initial does; |
daily dose

Stress response 1 AAG binding | Therapeutic failure | 1 Loading does; maintain
daily does

Summarized from [8]

Several demographic factors may influence drug clearance in both healthy adult
volunteers and critically ill patients. A theoretical basis exists for the allometric
scaling of clearance to total bodyweight, based on evidence for metabolic rates in
mammals [29, 30]. However, scaling to total bodyweight does not generally apply
in the obese population, for which lean body weight is a more suitable size descrip-
tor [31, 32]. Age or critical illness can also alter the clearance of some drugs, pri-
marily due to renal dysfunction or metabolic insufficiency [20]. Furthermore,
patients admitted to intensive care units usually receive several co-administered
drugs, as a consequence of multiple changes in normal physiology or organ failure.
Drug—drug interactions may therefore contribute to alterations drug clearance, when
two or more therapies are used for treatment [20].

In critical illness and sepsis, bacterial or fungal endotoxins may stimulate the
production of endogenous mediators, thereby increasing capillary permeability and
endothelial damage [33]. This change in capillary structure causes a corresponding
transfer of fluid from the vasculature to the interstitial space [34]. As a consequence
of leaky capillary development, drug distribution can occur into regions that are
usually restricted by the normal vasculature. Thus, critically ill patients could poten-
tially have larger volumes of distribution than expected in a typical population,
thereby lowering the concentrations achieved in the systemic circulation [20].

Hypoalbuminemia or elevated to a;-acid glycoprotein often occurs during criti-
cal illness, thus modifying overall concentrations of protein in plasma [35]. Higher
unbound concentrations are observed for ceftriaxone in intensive care subjects due
to hypoalbuminemia, increased volume of distribution and reduced clearance [36].

1.10.1 Antibiotic Dosing Considerations

Aminoglycosides demonstrate concentration-dependent killing, with a post-
antibiotic effect that prevents bacterial regrowth even after drug concentrations fall
below the MIC [37]. This class of antibiotics often show increased distribution vol-
umes in critical care, with a consequent reduction in attained C,, exposures
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[38—40]. Appropriate C,.-to-MIC ratios are consistently achieved using maximal
weight-based dosing regimens, such as 7 mg/kg for gentamicin or tobramycin [39].
An extended-interval dosing regimen is recommended to optimize aminoglycoside
effectiveness, with simultaneous monitoring of trough concentrations to avoid tox-
icity [20].

P-lactams are hydrophilic drugs that are renally eliminated and have a slow con-
tinuous kill characteristic that is time dependent [41]. Thus, treatment with this class
of antibiotics must consider high glomerular filtration rates and/or increased distri-
bution volume, which are common in the critically ill [20]. Favorable PK-PD out-
comes are obtained with frequent dosing or extended continuous infusions [42, 43].
Altered p-lactam clearance due to renal or hepatic dysfunction, with corresponding
increase in biliary elimination is also relevant to the intensive care setting [44, 45].

Carbapenems have comparable PK-PD to -lactams and show time-dependent
bactericidal effect when 7> MIC is maintained for 40% of the dosing interval. In
critical illness, increased distribution volume and higher clearance is reported for
these antibiotics [46]. Optimal activity is suggested using continuous or extended
carbapenem infusion, which is suitable for achieving the time-dependent PD
index [47].

Colistin is a polymyxin antibiotic that is formed by hydrolysis following admin-
istration as the sodium colistin methanesulphate prodrug. These drugs demonstrate
concentration-dependent bacterial killing [48, 49].

Fluoroquinolones are highly lipophilic antibiotics that are widely distributed to
extra- and intracellular spaces, including neutrophil and lymphocyte penetration
[50]. However, the volumes of distribution of most fluoroquinolones are generally
less affected in intensive care subjects. The exception is levofloxacin, for which
increased loading doses is required in the critically ill setting [51, 52]. These antibi-
otics display concentration- and some time-dependent killing of the infecting patho-
gen, with C,,,,- or AUC-to-MIC ratios of 10 and 125 describing optimal microbial
eradication, respectively [53, 54].

Glycopeptides are relatively hydrophilic for which the PD indices that produce
maximum therapeutic benefit are relatively unknown. The elimination of these anti-
biotics is predominantly associated with creatinine clearance and significant vari-
ability in this PK parameter is observed for vancomycin in acute kidney failure
[55-57]. As a result, therapeutic monitoring of achieved through concentrations is
suggested, with high minimum concentrations (>20 mg/L) of vancomycin poten-
tially increasing the risk of nephrotoxicity [58].

Linezolids are hydrophilic drugs that show extensive tissue distribution and are
primarily cleared by hepatic metabolism with a minor component of renal elimina-
tion [59, 60]. The PD index is time dependent, with a 600 mg twice daily regimen
maintaining target 7 > MIC at 40-80% throughout the dosing interval [59].
However, critical illness is not expected to influence the PD outcome of linezolid
antibiotics, and dose adjustment is not recommended for hepatic or renal dysfunc-
tion [59, 60].
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1.11 Conclusions

In conclusion, this chapter reviews the basic principles that define the pharmacoki-
netics of drugs following dose administration. An understanding of these theoretical
concepts is essential to better consider appropriate dose adjustment with pathophys-
iological changes in intensive care patients. More specifically, antibiotic dosing
considerations, with reference to PK-PD indices are presented. These examples
demonstrate how an understanding of the time course of drug concentration can
result in recommendations that individualize antibiotic dosing in the critical care
setting.
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Chapter 2
Antibiotic Pharmacodynamics

Fekade B. Sime and Jason A. Roberts

2.1 Introduction

Pharmacodynamics is classically described as the effect of drugs on the body, which
for most drugs relates to effects on pathophysiological processes so as to achieve the
desired treatment outcomes. Unlike drugs which act on human cells/organs to elicit
their pharmacological effect, antibiotics act on ‘non-physiologic’ bacterial cells to
produce pharmacological effect. Because antibiotics are not meant to act on (affect)
the human physiological system but rather directly bind or interact with bacterial
cells, present both advantages and challenges in terms of our ability to characterize
dose—effect relationships. One important advantage is that, unlike other drugs, we
can easily describe concentration—effect relationships of antibiotics in vitro and

FE.B. Sime

Centre for Translational Anti-infective Pharmacodynamics, School of Pharmacy,
The University of Queensland, 20 Cornwall Street PACE Building,
Woolloongabba 4102, QLD, Australia

e-mail: f.sime @uq.edu.au

J.A. Roberts (P<))

Centre for Translational Anti-infective Pharmacodynamics, School of Pharmacy,
The University of Queensland, 20 Cornwall Street PACE Building,
Woolloongabba 4102, QLD, Australia

Burns, Trauma and Critical Care Research Centre, The University of Queensland,
UQ Centre for Clinical Research, Building 71/918, Herston Rd,
Herston, QLD 4029, Australia

Department of Intensive Care Medicine, Royal Brisbane and Women’s Hospital,
Butterfield St, Herston, Brisbane, QLD 4029, Australia

Pharmacy Department, Royal Brisbane and Women’s Hospital,
Butterfield St, Herston, Brisbane, QLD 4029, Australia
e-mail: j.roberts2@uq.edu.au

© Springer Nature Singapore Pte Ltd. 2018 17
A.A. Udy et al. (eds.), Antibiotic Pharmacokinetic/Pharmacodynamic
Considerations in the Critically 11, DOI 10.1007/978-981-10-5336-8_2


mailto:f.sime@uq.edu.au
mailto:j.roberts2@uq.edu.au

18 F.B. Sime and J.A. Roberts

describe concentrations that achieve inhibition of bacterial growth or maximal kill-
ing [1]. This is advantageous not only for designing dosing regimens, but also for
optimizing treatment for individual patients relative to the susceptibility of the caus-
ative pathogen. Further, advanced in vitro infection models that can simulate
human-like pharmacokinetic exposure of bacteria to changing antibiotics concen-
trations are now available to predict efficacy of novel dosing regimens in patients
[2]. On the other hand, whilst for drugs which act by modifying human physiology
(e.g. antihypertensive drugs) the actual clinical effect can be readily monitored by
an objective clinical end point (e.g. blood pressure monitoring), such a direct objec-
tive end point is not possible for antibiotics which act directly on bacterial cells for
therapeutic action, i.e. there is no direct human physiological change (signal)
induced by the therapeutic action of antibiotics on bacteria. The clinical end point
of antibiotic therapy, resolution of infection, remains largely subjective although a
number of physiological markers of infection are considered useful surrogate indi-
cators [3]. Unfortunately, the relationship between antibiotic exposure and biomark-
ers of infection that could signal optimal treatment outcome is not yet well
established to guide the design and optimization of dosing regimens. It has not yet
been possible to optimize antibiotic dosing based on a graded clinical response.

The best surrogate measures of antibiotic efficacy available to date have been
consolidated from knowledge of antibiotic kill characteristics which is determined
by the time course of changing antibiotic concentrations and in vitro susceptibility
profile of bacteria. This chapter will summarize the pharmacodynamic properties of
antibiotics most commonly used in intensive care settings and the various pharma-
cokinetic/pharmacodynamic predictors of efficacy utilized in the design and optimi-
zation of antibiotic dosing.

2.2 Minimum Inhibitory Concentration (MIC)
and Susceptibility Break Points

To describe the potency of antibiotics, the minimum inhibitory concentration (MIC)
has been used since the introduction of the early antibiotics [4]. The MIC refers to
the lowest concentration of the antibiotic that prevents growth of standard bacterial
inoculum of about 10° colony-forming units (CFU) per milliliter. Thus, the MIC is
not necessarily a bactericidal concentration but rather bacteriostatic (inhibits
growth) which means that exposure to such concentrations may not necessarily kill
all of the bacteria [5]. In clinical practice, suppression of microbial growth by anti-
biotics will lead to clinical cure because in most cases, the immune system will
eradicate the remaining pathogens [6]. This would mean that in the absence of
active immunity, clinical exposure to the MIC does not guarantee prevention of
regrowth up on discontinuation of therapy [5]. Another limitation is that it is not
uncommon to see infections with high bacterial loads, greater than the 10> CFU/mL
used in susceptibility testing. Higher bacterial load will certainly require a different
degree of antibiotic exposure to achieve sufficient microbiological/clinical response.
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Further, the MIC is usually quantified based on exposure to static concentrations
over 18-24 h [7] and does not provide any information about possibilities of
regrowth after an initial kill or the gradual proliferation of resistant sub-populations
of microbes over time.

Given antibiotic concentrations in patients are dynamic, that is within a patient
and also variable from patient to patient [8], a simple in vitro concentration—effect
relationship described by MIC values cannot truly describe dose—effect relation-
ships. However, as a measure of the potency of antibiotics, it may give a general
indication as to whether clinically used dosing regimens will achieve adequate effi-
cacy against a given pathogen. For such purposes, based on the pharmacokinetics of
the drug, its pharmacodynamic properties and the likelihood of treatment success,
clinical susceptibility breakpoints are defined to classify bacteria as either suscep-
tible or resistant in reference to measured MICs [9]. In this sense, the major utility
of MIC is to help select antibiotic agents that are highly likely to result in a positive
outcome for the infected patient. However, it is imprecise and unlikely to predict
treatment response in many scenarios. This is because it is not uncommon to see
treatment failure in the presence of susceptible bacterial pathogens and also, treat-
ment success is observed in cases where the pathogen is labelled resistant [10].
Clearly, the MIC values do not describe many other pharmacological effects of
antibiotics that could affect the success of therapy, including the effect of sub-
inhibitory concentrations, the extent and rate of bacterial killing, exposure to poten-
tially bactericidal high concentrations during the early phase of therapy (i.e. first
24 h), and persistent inhibitory effects of antibiotics after the end of exposure [11].

2.3 Characteristic Relationships Between Antibiotic
Concentrations and Antibacterial Activity

To some extent, the limitations of MIC in relating a static concentration to clinical
efficacy can be addressed by characterizing the relationships between the dynamic
antibiotic exposure (pharmacokinetics) and antibiotic effects (e.g. microbial kill-
ing). In describing these relationships, the MIC should be considered in combina-
tion with the exposure of the drug, that is, to relate observed concentrations profiles
to the potency of the antibiotic, or MIC.

The pharmacodynamic index of antibiotic classes may differ from one another.
These describe the optimal ‘shape’ of the concentration-time curve and can be influ-
enced by the presence of a post-antibiotic effect. Pharmacodynamic bacterial kill
characteristics can broadly be described as either concentration-dependent killing
or time-dependent killing effect [11, 12]. More specifically, three major exposure—
antibacterial activity relationships have been described for antibiotics based on the
observation of correlations between antibacterial activity and either the duration of
antibiotic exposure relative to the MIC or the magnitude of exposure relative to MIC
or the time course of the magnitude of exposure relative the MIC. Accordingly,
bacterial killing effects of antibiotics are often described as either time dependent or
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concentration dependent [11, 12]. Different parameters that relate time and/or mag-
nitude of exposure to efficacy have been described (Fig. 2.1). The index most pre-
dictive of microbiological/clinical response is specific to each class of antibiotics.

2.3.1 Time-Dependent Antibiotics
2.3.1.1 Beta-Lactam Antibiotics

Time-dependent antibacterial action was described for penicillin more than 75 years
ago [13]. However, it was not until mid-late 1980s and early 1990s when a more
elaborate description of the exposure-response relationships of beta-lactams
became available [14, 15]. An example of the later studies is that of Fluckiger et al.
[15] which used neutropenic mouse thigh infection model to illustrate that the bac-
tericidal effect of imipenem was dependent on the duration of time concentrations
were above the MIC, rather than the peak concentration during a dosing interval.
Increasing the concentration of a beta-lactam antibiotic above the MIC will increase
the bactericidal effect only up to a few multiples of the MIC, often up to four to five
times [12, 15, 16]. Beyond this point, further increases in concentration do not
appear to increase the rate or extent of bacterial killing [4]. However, bactericidal
action is significantly and consistently correlated with the time the free antibiotic
concentration remains above the MIC [12].

Thus, the proportion of dosing interval for which the free drug concentration
remains above MIC (% fT.uc) is considered the best parameter that predicts anti-
bacterial effect. The % fT.yc required for optimal activity of beta-lactams is depen-
dent on the specific drug class and bacteria [12, 17]. However, studies have shown
that concentrations may not have to be above the MIC for the entire duration of
treatment (dosing interval) [12, 15]. This result is more so when the immune system
is functioning and the beta-lactam antibiotic being used has some persistent effects
(i.e. post-antibiotic effect or post-antibiotic leucocyte enhancement) against the
targeted bacteria [14, 16]. Short exposures of ~20-40% fT.yc are generally bacte-
riostatic and prolonged exposures of 40-70% fT.uic achieve near-maximal
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bactericidal activity [12]. For the different classes of beta-lactams, namely car-
bapenems, penicillins, and cephalosporin, the optimal % fT.yc associated with bac-
teriostatic or bactericidal effect are different [17], partly due to differences in their
persistent antibiotic effect. Carbapenems exhibit a moderate post-antibiotic effect
compared to penicillins and cephalosporins and thus may require lesser exposure
(20% fT.pc for bacteriostatic action and 40% fT.\yc bactericidal action). For peni-
cillins about 30% and 50% fT.\ic achieve bacteriostatic and bactericidal effects,
respectively. Cephalosporins have minimal post-antibiotic effects and thus rela-
tively longer exposures of up to 40% and 70% fT.ac are required for bacteriostatic
and bactericidal effects, respectively [12, 17].

The status of host immune function may affect the optimal % fT.yyc of beta-
lactams that is required for maximal activity as has been demonstrated by different
animal studies [18-20]. In patients with poor immune function, such as neutrope-
nic patients, exposures targeting 40-70% fT.\yc for beta-lactam antibiotics would
mean that any residual bacterial sub-populations are exposed to sub-MIC concen-
trations for 30-60% of the dosing interval. In the absence of a post-antibiotic effect
against the target bacteria and also adequate immune function, prolonged exposure
of 100% fT.mc is likely required to achieve maximal bacterial killing [14, 16].
Penicillins and cephalosporins have no significant post-antibiotic effect except
their moderate effect against Staphylococci [17]. Also for carbapenems which
demonstrate a moderate post-antibiotic effect against Gram-negative bacteria, pro-
longed exposure may be required in the setting of reduced immune function. For
example, in febrile neutropenic patients, Ariano et al. [21] found that >75% fT.yc,
rather than the traditional target of 40% fT.\uc, was required for meropenem to
achieve higher rates of clinical response. Another clinical study also has described
significantly better bacteriological eradication and clinical cure rates when fT.yc
was 100% [22]. Consequently, 100% fT.\uc is proposed as a prudent target for
beta-lactam antibiotics in the immunocompromised and critically ill patient
populations [23, 24].

More aggressive exposures of four to five times above the MIC for the entire dos-
ing interval (100% fT.4_saic) have also been proposed in some clinical studies as a
means to maximize microbiological/clinical outcomes [23-26]. These targets were
based on previous in vitro and clinical observations of better antibacterial activity
[27, 28]. For example, the in vitro study by Mouton et al. [27] simulated human-like
pharmacokinetic exposures of ceftazidime against Pseudomonas aeruginosa and
observed that a sustained exposure at or around the MIC is not associated with
maximal antibacterial activity. The authors found that the rate and extent of bacterial
killing was maximized when concentrations were maintained at or above five time
the MIC. Another in vitro study simulating pharmacokinetic exposures for merope-
nem suggests, higher concentrations achieved by targeting 100% fT.4 sanc may
have additional advantage of suppressing selection of resistant subpopulations [29].
Acknowledging that these exposure—effect relationships were noted in the absence
of immune activity (in vitro data), these results suggested that at least in neutropenic
patients, 100% fT.,_s.sic may achieve better outcomes than conventional pharmaco-
dynamic targets. In support of these findings, a retrospective analysis of clinical data
from patients with lower respiratory tract infection identified trough concentrations
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greater than five times the MIC as a predictor of clinical outcome [28]. Unfortunately,
more clinical data comparing the effect of different exposures on clinical outcomes
is still pending. However, the accumulating evidence suggest that the conventional
targets (40-70 fT.yc) that were extrapolated from rodent models of infection should
be carefully re-evaluated, at least in patients with severe infections. Genetic studies
have elucidated poor correlation of responses in animal models with the human
conditions [30] confirming experts’ suggestions that any of these models are inca-
pable of predicting clinical response in human [31]. Therefore, selection of the most
appropriate dosing target should be supported by clinical studies.

2.3.1.2 Vancomycin

The glycopeptide vancomycin demonstrates time-dependent bactericidal activity
[32]. Unlike the beta-lactams, vancomycin has a dose-dependent post-antibiotic
effect that extends up to 2 h at concentrations beyond two to four times the MIC
[33]. This could possibly influence the difference in exposure-response relation-
ships relative to beta-lactams even though both exhibit time-dependent activity.
Based on data from preclinical and clinical studies, the ratio of the area under the
concentration time curve over 24 h (AUC/MIC) is considered as the best predictors
of antibacterial activity for vancomycin [34]. A retrospective study by Moise-Broder
et al. [35] evaluated 108 patients with lower respiratory tract infections caused by
methicillin-resistant Staphylococcus aureus (MRSA) and identified a strong asso-
ciation between AUC/MIC ratio >350 and therapeutic success [35]. Accordingly,
the most widely accepted dosing guidelines for vancomycin consider AUC/MIC
>400 as a preferred target to ensure positive infection outcome [36]. The guidelines
use trough concentrations of 15-20 mg/L as surrogate for AUC/MIC >400 to sim-
plify therapeutic drug monitoring (TDM) guided dose optimization [36].
Nevertheless recent studies, have illustrated that trough vancomycin concentrations
are poor predictors of AUC/MIC ratio or clinical outcome, particularly in critically
ill patients [37]. For other glycopeptides also, the AUC/MIC ratio has been identi-
fied to best correlate with antibacterial activity [34, 38]. For teicoplanin, Matsumoto
et al. [39] retrospectively evaluated 46 patients with MRSA and observed a high
probability (0.87) of microbiological outcome with AUC/MIC >900. Similarly,
another study observed a relatively higher AUC/MIC ratio of 897.6 = 71.7 in patients
cured with teicoplanin therapy compared to ratio of 652.9 + 83.4 in those with treat-
ment failure [40].

2.3.1.3 Linezolid

Linezolid exhibits time-dependent antibacterial activity and a minimal to modest
post-antibiotic effect [41]. Similar to beta-lactams, increasing linezolid concentra-
tions above the MIC does not result in increased antibacterial activity. An in vivo
study in mice by Andes et al. [41] identified AUC/MIC as best predictor of efficacy



2 Antibiotic Pharmacodynamics 23

against Streptococcus pneumoniae compared to both fT.c and C,/MIC
(R*=82%, 57%, and 59%, respectively). However, both AUC/MIC and fT.yyc were
comparable in predicting efficacy against Staphylococcus aureus (R* = 75% for
both). The importance of fT.y;c to maximize efficacy of linezolid has also been
described in a rabbit model of endocarditis although this study did not compare the
different PK/PD ratios [42]. In seriously ill patients, a retrospective evaluation by
Rayner et al. [43] found a high correlation of both AUC/MIC and fT.yyc with micro-
biological and clinical cure. The authors also noted a high degree of association
between %fT.\ic and AUC/MIC; AUC/MIC values in the range of 80-120 were
associated with high success rates, as were a fT.y;c of 85-100% [43]. Thus, based
on the available evidence, both AUC/MIC ratio of 80—100 and a fT.yc greater than
85% are considered as dosing targets [44].

2.3.1.4 Tetracyclines

There is generally limited data on the pharmacodynamics of tetracyclines compared
to other drugs such as beta-lactams [45]. Although often classified as time-dependent
antibiotics, the time of exposure above MIC appears less predictive of antibacterial
activity and the AUC/MIC ratio appears the best PK/PD index for most tetracyclines
[45]; this may be attributable in part to the moderate to prolonged post-antibiotic
effect of tetracyclines [46, 47]. In critically ill patients, tigecycline is a commonly
used glycylcycline (tetracycline) in those patients with multi-drug-resistant infec-
tions. It exhibits time-dependent bactericidal activity against different organisms
[48, 49] and can produce prolonged post-antibiotic effects (about 9 h against
Streptococcus pneumoniae for example [47]). Analysis of data from patients with
complicated skin and skin-structure infection identified an AUC/MIC ratio of 17.9
as a breakpoint above which the probability of microbiological and clinical cure
was maximized [46]. On the other hand, analysis of data from patients with compli-
cated intra-abdominal infection identified an AUC/MIC breakpoint of 6.96 [50].

2.3.2 Concentration-Dependent Antibiotics
2.3.2.1 Aminoglycosides

Aminoglycosides exhibit concentration-dependent killing that is largely indepen-
dent of the duration of exposure, i.e. increases in concentration are associated with
an increased rate of killing. Furthermore, with sufficiently high concentrations, pro-
longed exposure is not necessary because the bacteria die in a short period of time
and/or stronger persistent antibiotic effects are achieved from the initial ‘brief’
exposure to high concentrations [51, 52]. The duration of post-antibiotic effect may
be variable, usually from 2 to 4 h at concentrations observed clinically and may pos-
sibly extend up to 8 h after the drug concentrations become undetectable [53].
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Generally, maximal killing is thought to occur at a concentration of at least about
eight to ten times higher than the MIC [53, 54]. Furthermore, peak concentrations
(Chax) greater than or equal to ten times the MIC correlate well with favorable out-
comes and therefore C,,,,/MIC > 10 is used as the conventional dosing target for
aminoglycosides [44, 54]. However, when exposure is suboptimal (C,,,,/MIC < 10),
the duration of exposure in addition to concentration is likely to influence antibacte-
rial activity; thus, the product of concentration and time (which is area under the
concentration-time curve, AUC) is important to relate exposure to antibacterial
activity [51]. The AUC/MIC ratio correlates well with antibacterial effect. Indeed
there is a co-variance between C,,, and AUC when administered as intermittent
infusions, and the association of both AUC/MIC and C,,,/MIC with antibacterial
activity has been described [14, 55]. In an animal infection model (murine thigh
model), an AUC/MIC ratio in the range of 80—100 has been shown to produce maxi-
mal aminoglycoside effects [14].

2.3.2.2 Quinolones

Quinolones exhibit concentration-dependent antibacterial activity. Both C,,,,/MIC
and AUC/MIC ratio correlate well with efficacy [12, 56]. For instance, a clinical
study with levofloxacin by Preston et al. [57] suggested C,,,,/MIC ratio as the best
predictor of efficacy with maximal clinical cure rate (99%) and microbiological
cure rates (100%) achieved when the ratio is greater than 12. However, there was
significant correlation of AUC/MIC with C,,,,/MIC, and for most quinolones, AUC/
MIC is the recommended ratio. The minimum ratio required to ensure optimal out-
comes may be variable depending on the specific agent, the etiologic bacteria, and
patient’s conditions. For the most studied ciprofloxacin, C,,,,/MIC ratio >10 is con-
sidered optimal [56, 58]. The study by Forrest et al. [59] showed that AUC/MIC
>125 of ciprofloxacin is associated with optimal microbiological and clinical out-
comes in the treatment of severe infections caused by Gram-negative bacteria. At
AUC/MIC ratios <125, microbiological and clinical cure rates for ciprofloxacin
were poor (26% and 42%, respectively) compared to when AUC/MIC > 125 (86%
and 82%, respectively). Against bacteraemia caused by Enterobacteriaceae,
Zelenitsky et al. [60], suggested higher magnitude of exposure (AUC/MIC > 250)
may be necessary for maximize microbiological outcome. On the other hand, lower
exposure may suffice for eradication of some Gram-positive bacteria. For example,
an AUC/MIC ratio in the range of 32-44 was shown to achieve maximal killing for
levofloxacin and ciprofloxacin in an in vitro infection model of Streptococcus pneu-
moniae [61]. Lower ratios have also been reported for other quinolones. For grepa-
floxacin for example, an AUC/MIC > 50 was associated with maximal clinical
effect in the treatment of bronchitis [62]. In general, there is no well-defined univer-
sal dosing target although an AUC/MIC ratio of about 100 and C,,,,/MIC ratio of
about 10 are considered prudent targets for most quinolones [63]. Most of the con-
temporary literature refers to AUC/MIC ratio >125 based on the Forrest et al. study
[44, 59].
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2.4 The Application of Antibiotic Pharmacodynamics
into Clinical Practice

The knowledge of antibiotic pharmacodynamic properties that characterize the
exposure—response relationships associated with maximal clinical outcomes is
essential not only to design dosing regimens for new agents and indications, but
also for optimization of therapy in individual patients [64]. Such knowledge can be
combined with pharmacokinetic data of antibiotics to design and optimize dosing
regimens for clinical use. A robust design of dosing regimens is possible through
the application of population pharmacokinetic modelling and Monte Carlo dosing
simulation. Population pharmacokinetic modelling describes the relationship
between dosing regimens and observed drug exposure (concentration) to a greater
degree of precision than traditional modelling, in part because it can consider clini-
cal covariates specific to patients [65]. This information can then be analysed
together with pharmacodynamic characteristics (index) and susceptibility profile
(MIC distribution) of target pathogenic bacteria using Monte Carlo dosing simula-
tions. In this way, the simulations will identify the dosing regimen that is highly
likely to achieve target PK/PD exposure for different clinical conditions (e.g. renal
function) and possible MIC values encountered in clinical practice [65]. The appli-
cation of PK/PD modelling also extends to the development of novel dosing regi-
mens that can suppress the emergence of resistance [66]. The traditional dosing
regimens are mainly based on in vitro bactericidal activity or some subjective clini-
cal end points and rarely account for suppression of emergence of resistance.
Advanced PK/PD analysis can be used to model suppression of resistance as an end
point to enable design dosing regimens that can prevent selective amplification of
resistant sub-population during antibiotic therapy [1]. Another important applica-
tion is to help guide individualization of antibiotic therapy in different patient popu-
lations. In the critically ill patients in particular, the interests in individualized
therapy guided by TDM is increasing due to the accumulating evidence of variable
pharmacokinetics that results in unique dosing requirements in each patients [64].
Given the lack of an objective end point for titration of antibiotic doses, PK/PD ratio
are the best available surrogate targets for antibiotic efficacy that should be used to
guide optimized dosing regimens [48, 67].
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Chapter 3
Physiological Manifestations of Critical Illness

Federico Pea

3.1 Introduction

Critical illness is a condition that may greatly affect the pharmacokinetic behavior
of antibiotics. It is characterized by several manifestations that may occur because
of different underlying diseases. These manifestations, by altering mainly the vol-
ume of distribution (Vd) and the clearance (CL) of a given antibiotic, are expected
to cause drug overexposure or underexposure when standard doses of antibiotics are
administered to critically ill patients.

From a clinical standpoint, critically ill patients are very different from stable
patients with normal renal function or even from healthy volunteers. This means
that the dose of many antibiotics and the mode of administering them should be dif-
ferent in order to ensure adequate treatment.

3.2 Physicochemical Properties of Antibiotics and Critical
Illness

As arule, the influence that critical illness may exert on antibiotic pharmacokinetics
may significantly differ according to the physicochemical properties of the antibiot-
ics (Table 3.1). In this regard, it’s very useful to split antibiotics into two major
categories, namely hydrophilic and lipophilic agents [1].
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Table 3.1 Physicochemical properties of the antibiotics

Hydrophilic antibiotics Lipophilic antibiotics
e Aminoglycosides « Fluoroquinolones

— Amikacin, gentamicin — Ciprofloxacin, levofloxacin, moxifloxacin
» Beta-lactams » Glycylcyclines

— Penicillins — Tigecycline

— Cephalosporins » Lincosamides

— Carbapenems — Clindamycin, lincomycin

— Monobactams » Macrolides and azalides
« Colistimethate sodium — Azithromycin, clarithromycin
» Fosfomycin o Metronidazole
» Glycopeptides « Oxazolidinones

— Teicoplanin, vancomycin — Linezolid, tedizolid
 Lipoglycopeptides « Rifampin

— Dalbavancin, oritavancin, telavancin
« Lipopeptides

— Daptomycin

Hydrophilic antibiotics include beta-lactams, aminoglycosides, lipopeptides,
lipoglycopeptides, fosfomycin, and colistimethate sodium. All of these agents have
two major issues, which require particular attention when clinicians use them for
treatment of critically ill patients. Firstly, the Vd of these agents is limited to the
extracellular milieu, due to their inability to penetrate cells. This means that when-
ever the extracellular compartment expands in critical illness, the concentration of
these agents decrease, as no drug reservoir within cells is available for retrograde
diffusion into the interstitium. This clearly affects the required loading dose (LD)
that is the very first dose needed to ensure effective therapeutic concentrations at the
infection site. Considering that the LD is directly proportional to the Vd
(LD = Vd x target concentration), this means that the LD needed to achieve the target
concentration in critically ill patients should be higher than the one needed in clini-
cally stable patients [2]. Secondly, all the hydrophilic antibiotics are almost com-
pletely eliminated via the kidneys. As such, drug CL often correlates linearly with
creatinine clearance (CrCL) and the maintenance dose (MD) of these agents should
be adjusted in relation to the estimated or measured CrCL [2]. CrCL should be mea-
sured daily during critical illness, considering the frequent occurrence of fluctuations
in renal function, which may significantly modify the elimination rate of these drugs.

Lipophilic antibiotics include fluoroquinolones, macrolides, linezolid, tigecy-
cline, rifampin, clindamycin, and metronidazole. These agents often do not require
any particular dosage adjustment in the presence of critical illness (as compared
with hydrophilic drugs), neither for the LD, nor the MD [2, 3]. The Vd is large, due
to diffusion across the plasmatic membrane. Accordingly, the intracellular compart-
ment represents a reservoir for lipophilic antibiotics, which allows for rapid correc-
tion of any interstitial dilution [2] (as the extracellular milieu expands), due to
retrograde diffusion out of cells. Additionally, most of these agents (with the notable
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exception of levofloxacin) are not renally cleared. They are eliminated mainly by
the liver (by the cytochrome P450 pathway, by conjugation, or by biliary secretion)
or by ubiquitous enzymatic or nonenzymatic pathways. Although nonlinear, these
metabolic pathways are often preserved during critical illness, with significant dys-
function only noted with very severe end-stage diseases [4]. Consistently, no dosage
adjustments for the MD of lipophilic antibiotics are usually needed in the critically
ill, except that for some agents when in the presence of very severe end-stage liver
diseases (i.e., tigecycline) [5].

From this analysis, it appears that clinicians should bear in mind that whenever
they use antibiotics for treating critically ill patients, dosing is an issue and requires
particular attention for hydrophilic antibiotics, whereas this is not the case for most
lipophilic agents.

3.3 Physiological Manifestations of Critical Illness Affecting
the Pharmacokinetic Behavior of Hydrophilic Antibiotics

Several physiological manifestations of critical illness may change the pharmacoki-
netic behavior of hydrophilic antibiotics. The major pharmacokinetic consequences
of these manifestations may be summarized in three different scenarios: increased
Vd, increased renal CL, or decreased renal CL (Fig. 3.1).

ACUTE KIDNEY INJURY

SEPSIS CRITICAL ILLNESS
PLEURAL, PERICARDIC, SEVERE BURN INJURY

PERITONEAL EFFUSIONS

SURGICAL ACUTE LEUKEMIA
DRAINAGES FEBRILE NEUTROPENIA
HYPOALBUMINEMIA BRAIN INJURY
HYPERDYNAMIC
CIRCULATION

Tvd OF T RENAL CL OF L RENAL CL OF
HYDROPHILIC ANTIBIOTICS HYDROPHILIC ANTIBIOTICS HYDROPHILIC ANTIBIOTICS
TLDOF T MD OF 1 MD OF
HYDROPHILIC ANTIBIOTICS HYDROPHILIC ANTIBIOTICS HYDROPHILIC ANTIBIOTICS

Fig. 3.1 Physiological manifestations of critical illness that may change the pharmacokinetic
behavior of hydrophilic antibiotics, and the major pharmacokinetic consequences (Abbreviations:
CL clearance, LD loading dose, MD maintenance dose, Vd volume of distribution)
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3.3.1 Physiological Manifestations Leading to Increased Vd
of Hydrophilic Antibiotics

Physiological manifestations that cause increases in the Vd of hydrophilic antibiot-
ics are those responsible for an expansion of the extracellular fluid (ECF) compart-
ment. Considering that the normal ECF volume in healthy subjects is typically
<15-20 L, this means that a moderate increase (i.e., 5—10 L) will substantially alter
the Vd for agents that are principally confined to this space [2]. Several situations
may greatly have an impact on the Vd of hydrophilic antibiotics.

3.3.1.1 Sepsis and Septic Shock

Sepsis is a life-threatening disease, defined as organ dysfunction caused by a dys-
regulated host response to infection [6]. The sudden capillary leak that occurs leads
to increased movement of albumin into tissues, with associated substantial fluid
shifts. The expansion of the extracellular milieu causes a significant increase in the
Vd of hydrophilic antibiotics. Consistently, the LDs of hydrophilic antibiotics in
septic patients should be higher than the standard ones administered to clinically
stable patients [2].

Several clinical studies have demonstrated the necessity of administering higher
LDs of hydrophilic antibiotics in order to rapidly achieve effective concentrations in
septic patients. This is especially relevant for concentration-dependent agents, like
aminoglycosides, whose antibacterial activity is related to the peak concentration
(Crax) to MIC ratio.

In a prospective, randomized study involving 120 patients with severe sepsis or
septic shock, researchers assessed the ability to achieve a target C,,,, of >60 mg/L
with different loading doses of amikacin. Two enhanced LD regimens (25 and
30 mg/kg/day) were compared with the standard 15 mg/kg/day dose [7]. Peak
plasma concentrations at 1 h were significantly higher with these regimens (57.4 £9.8
and 72.1 = 18.4 mg/L, respectively) than after standard dosing (35.2 = 9.4 pg/mL;
P <0.001). Interestingly, whereas the recommended C,,,x (>60 mg/L) was reached
by 39 and 76% of patients receiving the 25 and 30 mg/kg/daily dose, none of the
patients receiving the standard 15 mg/kg/daily dose achieved the target concentra-
tion. These findings are in agreement with the almost 50-60% increase in the Vd of
amikacin which was observed in these septic patients (0.44 + 0.08 L/kg) in compari-
son with healthy volunteers (0.27 + 0.06 L/kg). The need for higher amikacin load-
ing in septic patients has also been confirmed by others [8, 9].

Likewise, similar findings in septic patients were recently documented for genta-
micin [10]. Accordingly, a higher gentamicin LD of 8 mg/kg has been advocated for
achieving the target C,,,, of >30 mg/L in septic patients [11]. A prospective obser-
vational cohort study showed that this approach resulted in some patients still hav-
ing suboptimal concentrations [12].
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The need for higher than standard LDs in septic patients was documented also
for vancomycin and teicoplanin. A population pharmacokinetic study carried out in
206 critically ill patients with a median acute physiology and chronic health evalu-
ation (APACHE) II score of 21 and mean sequential (sepsis-related) organ failure
assessment (SOFA) score of 7.6 showed that the Vd of vancomycin was increased
(mean 1.53 L/kg) [13]. Accordingly, Monte Carlo simulations demonstrated that a
more than double LD compared to the standard (35 mg/kg vs. 15 mg/kg) may be
necessary to rapidly achieve the recommended target vancomycin concentrations of
20 mg/L in septic patients [13]. Likewise, a recent Japanese retrospective study
showed that the teicoplanin LD requirement necessary for rapid achievement of the
target trough concentration of 15-30 mg/L changed from 12—18 mg/kg/daily up to
24-30 mg/kg/daily in relation to the severity of illness during sepsis (defined as
increases of the systemic inflammatory response syndrome score) [14].

3.3.1.2 Hypoalbuminemia

Although hypoalbuminemia is frequent during sepsis due to capillary leak, changes
in albumin levels may also occur because of several other underlying diseases.
Hypoalbuminemia may be due to a decreased albumin production (i.e., due to aging,
hepatic disease, malignancies, malnutrition) or due to increased albumin elimina-
tion (i.e., through extensive burns, nephrotic syndrome) [15]. Regardless of which
is the underlying cause, it is expected that the Vd of those hydrophilic antibiotics
with high plasma protein binding (for more than 80-85%) may significantly be
enlarged in all of these situations, due to an increase in the free fraction. Increases
in Vd in the presence of hypoalbuminemia were documented for several agents in
critically ill patients, including ceftriaxone, daptomycin, ertapenem, flucloxacillin,
fusidic acid, and teicoplanin [16]. Increases of Vd ranged from 10% up to 624%, as
summarized in the review of Roberts and coworkers [16]. A comparative study also
assessed the combined effect that “albumin status™ and glycemic status had on the
Vd of teicoplanin [17]. Patients were divided into four groups according to their
serum albumin and blood glucose concentrations [hyperglycemic hypoalbuminemia
(albumin <3.0 g/dL) (n = 16); non-hyperglycemic hypoalbuminemia (n = 29);
hyperglycemic normoalbuminemia (albumin >3.0 g/dL) (n = 9); and non-
hyperglycemic normoalbuminemia (n = 40)]. The authors showed that at 12 h after
administration of an LD, patients with hyperglycemic hypoalbuminemia had sig-
nificantly lower teicoplanin serum concentrations (P < 0.05) and higher teicoplanin
Vd (P < 0.05) than those in the other three groups. Interestingly, it was found that in
patients with hyperglycemic hypoalbuminemia, teicoplanin Vd increased in a pro-
portional manner to the percentage of glycosylated albumin [17].

In addition, it should not be overlooked that for those highly plasma protein
bound antibiotics that are renally cleared, the increase in the free fraction will result
in a more rapid renal CL. This means that also the MD of these antibiotics should
be increased in these instances.
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3.3.1.3 Pleural, Pericardial, and Peritoneal Effusions

Effusions in serous cavities may generate the so-called third spacing phenomenon,
namely an additional compartment into which antibiotics may distribute. This phe-
nomenon is responsible for a consistent increase in the Vd of hydrophilic antibiotics.

Altered pharmacokinetics in the presence of pleural effusions has been docu-
mented for aminoglycosides [18], and for meropenem [19]. Likewise, significant
increases in Vd were documented in patients with ascites related to end-stage liver
diseases, with aminoglycosides [20-22] and with several beta-lactams [23-27].
Additionally, it should not be overlooked that significant alterations in the pharma-
cokinetics of antibiotics may also occur in patients with indwelling surgical drains,
as recently documented for meropenem and piperacillin. In a recent prospective
pharmacokinetic study carried out among ten surgical patients with indwelling
drains, it was documented that the Vd of both meropenem (median 0.41 L/kg; 1Q
range 0.35-0.56 L/kg) and piperacillin (median 0.63 L/kg; 1Q range 0.38-1.28 L/
kg) were increased [28]. Additionally, it was demonstrated that a significant amount
of the antibiotic may be lost via surgical drains (median 3.8%; 1Q range 2.8-5.4%
for meropenem; 8.2%, IQ range 3.3—14.0% for piperacillin), and the amount was
linearly correlated with the volume of surgical drain fluid output. These findings led
the authors to conclude that when very high drain fluid output is present (>1000 mL/
day) an additional dose of antibiotic would be necessary.

3.3.2 Physiological Manifestations Leading to Increased Renal
CL of Hydrophilic Antibiotics

Some physiological manifestations may cause an increase in the renal CL of hydro-
philic and moderately lipophilic antibiotics. It has been hypothesized that the common
mechanism involves augmentation of renal blood flow, which in turn leads to an increase
of glomerular filtration rate and/or tubular secretion. Accordingly, it has been recently
proposed to define the condition of augmented renal CL (ARC) whenever supra-physi-
ological glomerular filtration rates occur (CrCL >130 mL/min/1.73 m?) [29].

Recent studies suggest that ARC may occur more frequently with specific under-
lying diseases [30]. In these conditions, higher than standard MDs of hydrophilic
antibiotics have been advocated for achieving therapeutically effective concentra-
tions in these circumstances [3, 31-33].

3.3.2.1 Hyperdynamic Circulation

A hyperdynamic circulation is frequently present in the early phase of sepsis due to
an increased cardiac output [34], and this may lead to increased renal blood flow
and to glomerular hyperfiltration with ARC. As a consequence, in patients with
hyperdynamic sepsis, the renal elimination of antibiotics may occur much faster
than in clinically stable patients. In a population pharmacokinetic study carried out
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in a cohort of 50 critically ill patients treated with daptomycin 6-8 mg/kg/day for
primarily Staphylococcus species-related infections, significantly higher daptomy-
cin CLs were observed, despite comparable doses, in a subset of patients (n = 13)
with ARC [35]. Interestingly, this subset was significantly more likely to have severe
sepsis or septic shock [35]. In a retrospective study assessing vancomycin exposure
among septic patients receiving mean daily doses of around 3 g, it was noted that
during the first 3 days of vancomycin treatment trough levels were much lower in
patients with ARC than in those without ARC [36]. Likewise, decreased merope-
nem levels after standard dosing of 1 g q8h were documented in two Intensive Care
Unit (ICU) septic patients with ARC [37]. Indeed, the inverse relationship between
ARC and low plasma trough levels of beta-lactams has been documented by several
authors [38, 39]. Of note, ARC was also found to be a more common finding in criti-
cally ill patients with worse clinical outcomes receiving antibiotic therapy and was
independently associated with younger age [40].

3.3.2.2 Traumatic and Non-traumatic Brain Injury

Several studies indicate that ARC is a frequent occurrence in the presence of trau-
matic brain injury, with an incidence up to 85-100% during the first week in ICU
[41-45]. It has been recently hypothesized that ARC in severe trauma brain injury
may be driven by associated cardiovascular changes and/or elevated plasma atrial
natriuretic peptide concentrations [42]. However, further studies are needed to better
characterize these findings. The occurrence of ARC also seems common in the set-
ting of non-traumatic neurological injury. A recent prospective pilot study carried out
in 20 patients with subarachnoid hemorrhage (mean age 52 years) showed that ARC
occurred in 100% of cases (measured CrCL 325.9 + 135.2 mL/min/1.73 m?) [46].

Overall, these findings are in agreement with those of a recent retrospective
study carried out among 73 neurosurgical ICU patients, in which the CL of vanco-
mycin was higher (P < 0.05) in both traumatic and non-traumatic brain injury, in
comparison to non-ICU patients [47]. Accordingly, larger doses of vancomycin
were advocated. The need for larger doses of vancomycin in this setting was recently
confirmed in a population pharmacokinetic study demonstrating that doses up to
1500 mg q12h may be necessary for optimal treatment in trauma patients with ARC
[48].

3.3.2.3 Acute Leukemia and Febrile Neutropenia

Another setting that has been associated with ARC and therefore the need for higher
than standard dosages of hydrophilic antibiotics is that of patients with hematologi-
cal malignancies. The mechanism of ARC in hematological malignancies is poorly
understood. It has been hypothesized that in acute leukemia patients, ARC may
occur in the early post-chemotherapy period due to glomerular hyperfiltration pro-
moted by the high protein load, derived from massive cellular lysis of circulating
cells [1]. Additionally, it has been suggested that febrile neutropenia may act to
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promote increased cardiac output and glomerular hyperfiltration due to a wide-
spread systemic inflammatory response [49]. Irrespective of the underlying mecha-
nisms, several studies have documented that the renal CL of hydrophilic antibiotics
is often augmented in these circumstances [1, 50-54]. In a recent retrospective
observational study carried out in 292 patients who were treated with vancomycin
and who had normal serum creatinine concentrations, febrile neutropenia was found
to be an independent risk factor for the occurrence of ARC (OR: 2.76; 95% CI:
1.11-6.67; P =0.0254) [52]. In a study assessing the pharmacokinetics of piperacil-
lin among 12 febrile neutropenic patients, most of whom were affected with acute
leukemia (8/12), it was shown that drug CL was significantly increased
(20.2 = 7.5 L/h) [53].

It should not be overlooked also that hypoalbuminemia is a frequent occurrence
among hematological patients, and this may represent a further factor altering drug
pharmacokinetics. For these reasons, several authors advocate the need for thera-
peutic drug monitoring (TDM) in order to optimize treatment in this setting [51, 55,
56]. A recent prospective randomized controlled study showed that TDM may rep-
resent a very useful tool for optimizing drug exposure with beta-lactams among
febrile neutropenic patients [55]. It’s worth noting that among the patients enrolled
in that study (n = 32), acute myeloid leukemia was the most frequent malignancy
(38%), ARC was present in 31% of cases and hypoalbuminemia was a very com-
mon finding (median albumin concentration —2.7 g/dL, IQ range 2.4-2.9 g/dL)
[55]. Overall, the frequent occurrence of multiple factors altering the pharmacoki-
netics of hydrophilic antibiotics in patients with hematological malignancies sug-
gests that TDM may be very valuable in this setting, as it may provide rapid feedback
of dosing adequacy to guide dose optimization.

3.3.2.4 Severe Burn Injury

Severe and extensive burn injury involving more than 30% total body surface area
(TBSA) may substantially alter the pharmacokinetics of hydrophilic antibiotics.
The physiological changes in patients with severe burns are related to both the con-
sequences of direct thermal injury and to the systemic response leading to signifi-
cant hemodynamic changes [57, 58]. Generally speaking, the physiological changes
may be divided into two subsequent phases in relation to the time elapsed from the
burn injury. In the first 48 h following injury, corresponding to the acute or the
resuscitation phase, altered capillary permeability may lead to huge loss of protein-
rich fluid. The fluid shift from the vascular bed to tissues and the weeping from the
burns may cause hypovolemia, and a drop in renal blood flow and in glomerular
filtration rate. From a pharmacokinetic point of view, it may be expected that no
major dosing adjustments are needed during this phase, as the decreased drug elimi-
nation depending on renal impairment is essentially compensated by the non-renal
CL of the drug via the burn wound [1]. Beyond 48 h after injury and after appropri-
ate fluid resuscitation, there is the hypermetabolic phase, which is characterized by
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the systemic response to burn injury. The patient often manifests a hyperdynamic
state with increased cardiac output, low peripheral vascular resistance and increased
glomerular filtration, similar to that observed in the hyperdynamic sepsis. This
phase may last days or weeks depending on the severity of illness and on the amount
of the systemic inflammatory response. During this phase, ARC is a common occur-
rence and may cause a significant increase in the elimination rate of most hydro-
philicand moderately lipophilicagents[1, 58], as observed in several pharmacokinetic
studies.

A population pharmacokinetic study of meropenem was carried out in 59 burn
patients during the hypermetabolic phase (mean time of 9.2 days from burn injury)
[59]. Burns ranged from 3 to 97% TBSA, and the administered meropenem dosage
regimens ranged from 500 mg every 12 h up to 1000 mg every 8 h in patients with
mean measured CrCL of 31.2 and 155.1 mL/min, respectively. Meropenem CL was
proportional to CrCL and the mean meropenem population CL was much higher
than that observed in other patient populations (14.5 L/h vs. 9.7 L/h), in agreement
with the physiologic changes leading to ARC in the hypermetabolic phase.
Simulations of 1000 virtual patients’ plasma meropenem concentrations treated
with 1000 mg every 8 h infused over 30 min predicted a probability of target attain-
ment (in terms of ¢+ > MIC 40% of the dosing interval) against P. aeruginosa of
58.9%. A higher probability of target attainment was noted with 1000 mg every 8 h,
administered as a 3-h extended infusion.

Another study assessed the population pharmacokinetics of meropenem follow-
ing doses of 1000-2000 mg every 4-8 h administered to 12 adult patients with
median burns of 41% TBSA [60]. The mean population CL of meropenem was
around 20-40% higher than that reported in other patient groups. Monte Carlo sim-
ulations investigated dosage regimens needed to achieve optimal probability of tar-
get attainment in terms of > MIC of >40%, >60% and >80% of the dosing interval.
The standard dose of 1000 mg every 8 h infused over 5 min was effective only
against very susceptible pathogens, like E. coli or methicillin susceptible coagulase
negative staphylococci. Conversely, higher doses, preferably with longer infusion
times, were deemed necessary for empirical therapy or when dealing with bacteria
with MIC values >4 mg/L.

A population pharmacokinetic analysis of piperacillin was carried out in 50
patients with mean burns of 34.56% TBSA and a mean CrCL estimate of 132.1 mL/
min [61]. Patients were in the hypermetabolic phase (mean time of 12.8 days from
burn injury) and were receiving piperacillin/tazobactam at a dose of 4 g/0.5 g every
8 h infused over 30 min. CrCL and time elapsed after burn injury were the two
covariates that were associated with piperacillin CL and subsequently included in
the final population pharmacokinetic model. Piperacillin CL was much higher than
observed in cystic fibrosis patients or in healthy volunteers (16.6 L/h vs. 11.3 L/h).
Piperacillin half-lives were estimated to be shorter in patients with CrCL estimates
>160 mL/min (mean 0.89 h), in comparison to those with lower CrCL estimates
(mean 1.27 h, if 100 <CrCL <160 mL/min; mean 2.78 h if CrCL <100 mL/min).
Likewise, shorter half-lives were calculated when burn injury occurred <10 days
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before (mean 1.38 h) compared with longer elapsed times from the event (mean
2.16 h if >10 days). Monte Carlo simulations suggested that dosing strategies
should be more aggressive in order to optimize treatment in these cases. The most
effective strategies were those of shortening the dosing interval (4 g/0.5 g every 6 h)
or of increasing the dose amount (6 g/0.75 g every 8 h). In addition, an extension of
the duration of infusion could be suitable.

Conil and coworkers assessed the pharmacokinetic behavior of ceftazidime in
burn patients in two population pharmacokinetic studies [62, 63]. The first study
was carried out in 50 burn patients with mean burns of 23% TBSA and with a
mean CrCL of 105.3 mL/min [62]. CrCL was the only covariate that was associ-
ated with ceftazidime CL in burn patients. In the second study, a prospective
pharmacokinetic/pharmacodynamic analysis was conducted in 70 adult patients
with mean burns of 32% TBSA and with a mean CrCL estimate of 118 mL/
min/1.73 m? [63]. Serum creatinine and age were the two covariates associated
with ceftazidime CL. Monte Carlo simulations were performed to identify the
ceftazidime continuous dosage regimen most likely to achieve a steady-state con-
centration of 20—-100 mg/L, as a function of these two covariates. Dosages ranged
from 3 g every 24 h in patients aged 90 years and with serum creatinine of
160 pmol/L up to 12 g every 24 h in those aged 20 years and with serum creati-
nine of 30 pmol/L.

A population pharmacokinetic analysis of colistin was recently carried out in 50
patients with mean burns of 50.5% TBSA and with a mean CrCL estimate of
128 mL/min [64]. Patients were treated with colistimethate sodium at a dose of
150 mg as colistin base activity every 12 h and the mean time after burn injury was
15.5 days. CrCL was the only covariate included in the final population pharmaco-
kinetic model that accounted for the relative fraction of colistimethate sodium con-
verted into colistin. This is in agreement with the fact that colistimethate sodium is
mainly eliminated via the kidney. However, CrCL was not a significant covariate of
colistin CL, which is consistent with colistin being eliminated predominantly by the
non-renal route. It was concluded that higher dosages of colistimethate sodium
might be necessary in patients with elevated CrCL estimates.

Overall, all of these studies suggest that CL of hydrophilic antimicrobials is sig-
nificantly increased during the hypermetabolic phase of burn injury, mainly as a
consequence of ARC. Accordingly, dosing strategies should be more aggressive for
these agents during the first 7-10 days after burn injury in order to prevent subthera-
peutic drug concentrations. However, it is worth mentioning that estimation of renal
function by means of various formulas may be inaccurate in burn patients. In a
prospective study including 36 adult burn patients with a serum creatinine
<120 pmol/L during the second or the third week following the burn injury, it was
demonstrated that neither the Cockcroft and Gault, Robert, Kirkpatrick nor simpli-
fied MDRD equations were specific enough for the assessment of renal function
[65]. Accordingly, it was recommended that direct measurement of CrCL through
24 h urine collection is performed to accurately assess renal function in burn patients
with normal serum creatinine during the hypermetabolic phase.
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3.3.3 Physiologic Manifestations Leading to Decreased Renal
CL of Hydrophilic Antibiotics

3.3.3.1 Acute Kidney Injury

Acute kidney injury (AKI) may frequently complicate sepsis. Recent clinical and
experimental evidence seems to suggest that the development of sepsis-related AKI
may be related more to inflammatory mechanisms and to microcirculatory dysfunc-
tion than to systemic alterations in renal perfusion [34].

AKI will greatly affect the CL and the elimination rates of those antibiotics that
are normally eliminated via the kidney [1]. Dosage adjustments are necessary for
most hydrophilic antibiotics and for those moderately lipophilic agents that are pre-
dominantly eliminated by the kidney, such as levofloxacin. As far as dosage adjust-
ment is concerned, it has been demonstrated that CrCL often correlates linearly with
drug CL of hydrophilic agents, and this means that dosage may be decreased pro-
portionally to the decrease in CrCL. However, it should not be overlooked that renal
function may greatly vary day by day or even hour by hour in the critically ill
patients with AKI. It may happen that patients who are admitted to the ICU with
AKI may quite rapidly recover from renal impairment after appropriate interven-
tions. As such, it is recommended that renal function is assessed daily in these
patients in order to provide more accurate dosage adjustments. Dosage decreases
are generally recommended when CrCL is <50 mL/min, especially when dealing
with hydrophilic or moderately lipophilic drugs with a low therapeutic index (i.e.,
vancomycin, the aminoglycosides, levofloxacin, colistimethate sodium).

As a rule, for concentration-dependent agents any decrease in dose should be
applied mainly by extending the dosing interval while maintaining the amount. This
approach will ideally maximize the peak concentration-to-MIC ratio. Extension of
dosing intervals up to 36—48 h have been recommended for gentamicin [66], amika-
cin [67], and for daptomycin [68]. Conversely, no dosage reduction was shown to be
necessary for ciprofloxacin, as no drug accumulation occurred in most critically ill
patients with impaired renal function who were receiving the standard dose of
400 mg every 12 h [69]. This is probably due to a compensatory transintestinal
elimination that may occur in such cases [70]. For time-dependent agents, it is most
effective to reduce the dose amount and to maintain the dosing interval in order to
maximize the ¢+ > MIC [2]. This has been suggested for most beta-lactams when
using intermittent dosing, even if this approach may sometimes cause unexpected
underexposure [71]. Useful nomograms for dosage adjustments in relation to CrCL
estimates have been recently provided for vancomycin [72] and for meropenem [73]
when used by continuous infusion. However, in this regard it must be remembered
that several studies showed that the different equations used to estimate glomerular
filtration in critically ill patients may be inaccurate [74, 75]. Recently, Carlier and
coworkers assessed the accuracies of four commonly used creatinine base equations
(Cockcroft-Gault, simplified and standard MDRD, CKD-EPI), of five cystatin-
based equations (Hoek, Larsson, Filler, Le Bricon, CKD-EPIcys), and of one
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equation combining serum creatinine and cystatin C (CKD-EPIcr-cys) in assessing
renal function among 68 critically ill patients [75]. Compared to measured inulin
CL, all of the estimates of glomerular filtration had low accuracy and precision. It
was concluded that measured urinary CrCL may represent the most valid alternative
to measured inulin CL in assessing renal function, even if resulting in some overes-
timation of glomerular filtration rate [75]. Clearly, the availability of TDM may
represent an invaluable tool to optimize treatment in this setting, even when dealing
with relatively safe antibiotic agents, like the beta-lactams [71].

3.4 Conclusion

Critical illness is characterized by a range of physiological manifestations. These
include hemodynamic perturbations (such as an increased cardiac output, and
reduction in peripheral vascular resistance), fluid shifts, hypoalbuminemia, and
alterations in major organ function (such as ARC or AKI). These are largely driven
by the underlying biological insult (infection, burns, etc.) and the systemic inflam-
matory host response. Of note, these manifestations can significantly impact the
pharmacokinetics of many antibiotics, principally those that are hydrophilic,
because of changes in distribution and clearance. This chapter has outlined these
issues in detail and reminds the clinician that doses routinely used in non-critically
ill patients are likely to be inadequate in critically ill patients for these reasons.
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Chapter 4
Dosing in Obese Critically Ill Patients

Maya Hites and Fabio Silvio Taccone

4.1 Introduction

The worldwide prevalence of obesity, defined as a body mass index (BMI) >30 kg/m?,
continues to rise dramatically [1]. Despite efforts to curb this problem, over 300
million people were obese in 2005, and over 500 million people are projected to be
obese in 2030 [2].

As compared to their non-obese counterparts, obese individuals have a greater
risk of morbidity from both acute and chronic health conditions. Moreover, the
number of obese surgical patients is growing: the number of bariatric surgeries per-
formed worldwide has increased from 146,301 in 2002 [3] to 468,609 procedures in
2013 [4]. Also, in a large prospective study performed in Spain following 105,189
patients with knee osteoarthritis, obese patients had over a 100% increased risk of
total knee replacement compared to normal weight patients [5]. Furthermore, obe-
sity is a risk factor for both hospital and intensive care unit (ICU) admission, in
addition to longer hospital and ICU lengths of stay [6-9]. Finally, obese patients
also have a greater risk of developing community acquired and hospital-related
infections than non-obese individuals [10, 11].

To optimally treat severe infections in critically ill patients, careful antibiotic
dose adjustment based on pharmacokinetic/pharmacodynamic (PK/PD) consider-
ations is necessary. This is because hospital-related infections are often caused by
pathogens with decreased susceptibility (as compared to community isolates) and
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drug handling is altered in this patient population, due to changes in the volume of
distribution (VD) and the total body clearance (CL) (see Sect. 4.6.4). Obesity is
associated with physiological changes that may further alter antibiotic PK parame-
ters, making optimization of doses in this population especially challenging.
Contrary to most beliefs, the excess weight in obese patients is not only due to an
increase in adipose tissue (into which hydrophilic antibiotics distribute poorly) but
also due to an increase in their lean mass (into which hydrophilic antibiotics distrib-
ute well). However, the ratio of lean body mass to total body mass in obese patients
is not similar to individuals of normal weight. The majority of currently available
standard dosage regimens (SDR) include recommendations based on normal weight
patients, and dose adjustments using calculated lean body mass (as established from
data obtained from normal weight patients). As such, this may lead to underdosing
in obese patients, increasing the risk of antibiotic treatment failure, and/or emer-
gence of bacterial resistance (by subjecting bacteria to sublethal antibiotic concen-
trations). On the other hand, dosing regimens based on total body weight (TBW)
may lead to overdosing, with risk of drug toxicity [12].

4.2 Causes for the Increased Risk of Infections
in Obese Patients

As stated above, obesity is a risk factor for acquiring infections in general, includ-
ing skin, urinary tract, respiratory, surgical site, and hospital-related infections
[13]. The causes are both mechanical and immunological. To begin with, the obese
patient represents a heavy burden for care-givers. Delivering effective respiratory
physical therapy and ensuring general mobilization of the patient may be challeng-
ing. The urinary catheter may therefore be left longer than required, diapers may be
changed less frequently, and patients may remain in bed longer than otherwise
recommended, thus increasing the risk of catheter-related urinary tract infections,
skin maceration, bed sores, and even respiratory infections. Furthermore, obesity is
an independent risk factor for obstructive sleep apnea [14], gastric-esophageal
reflux [15], increased volume and acidity of gastric liquid, and increased intra-
abdominal pressure [16, 17]. These are all themselves risk factors for aspiration
pneumonia.

Obesity is also associated with lymphedema (due to elevated intra-abdominal
pressure) and may lead to recurrent skin infections. Fungal foot infections are also
more common in obese subjects [18]; which may predispose individuals to acute
skin and soft-tissue infections of the lower extremities [19].

In the surgical setting, obesity is associated with risk factors for surgical site
infections, such as increased duration of surgery, greater local trauma to the incised
tissues [20], diminished oxygenation of subcutaneous tissue [21], increased local
production of tumor necrosis factor-alpha (TNF-a) and nitric oxide due to changes
in the lipid metabolism (less arginine and glutamine available) [6], and increased
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Staphylococcus aureus nasal carriage [22]. Furthermore, SDR of antibiotics for
prophylaxis may not result in adequate serum and tissue concentrations of the anti-
biotic in all obese patients [23, 24].

Obese patients may respond poorly to vaccines due to insufficient doses, poor
absorption (injection of the vaccine into adipose tissue instead of muscle tissue)
and/or inadequate overall immunological response. Indeed, obesity is associated
with a decreased antibody response to hepatitis B vaccine in adults [25, 26], a
greater decline in influenza vaccine antibody titres, and a defective influenza-
specific CD8+ T cell response [27]. Influenza-specific CD8+ T cells limit progres-
sion of disease, allow for more rapid viral clearance, and lessen the severity of the
disease [28].

Finally, adipose tissue stores excess calories in the form of triacylglycerol (TAG).
As the tissue expands, its ability to store more TAG declines, resulting in elevated
blood TAG and free fatty acids (FFA). The accumulation of lipids in the peripheral
circulation and other sites (liver, islets of the pancreas, skeletal muscle) leads to
insulin resistance and hyperglycemia [29]. However, adipose tissue is not only an
energy store, but also an active metabolic and endocrine organ that produces and
releases pro-inflammatory and anti-inflammatory factors such as adipokines (leptin
and adiponectin), cytokines (TNF-a, IL-6), and chemokines. Adiponectin levels are
negatively correlated [30] and leptin levels are positively correlated with BMI [31].
Adiponectin has immunosuppressive properties while leptin can stimulate an
inflammatory response, by activating neutrophils and T-lymphocytes, increasing
cytokine production and regulating the activation of monocytes/macrophages, as
well as contributing to healing [32].

The consequences of hyperglycemia and production of pro-inflammatory cyto-
kines and adipokines is systemic inflammation which may impair innate and adap-
tive immune function by causing endoplasmic reticulum stress, lipotoxicity, oxidative
stress, and leptin resistance [33, 34]. The connection between the pro-inflammatory
state of obesity and risk of infection has not yet been clearly demonstrated, but leptin
seems to play an important role in the immune response [6, 35, 36].

4.3 Need for Antibiotic Therapy

Because of their increased risk of infection, many critically ill obese patients may
need either prophylactic or therapeutic antibiotic therapy during their ICU stay.
Antibiotic prophylaxis is recommended for most surgical interventions [37]. A sys-
tematic review of published studies and online surveillance reports on antibiotic
consumption in acute care hospitals from 1997 to 2013 showed that the ICU antibi-
otic consumption rate was 1563 defined daily dose/1000 hospital days (95% confi-
dence interval: 1472-1653) [38]. Furthermore, in a multicenter point prevalence
study (EPIC II) carried out in 2007, 71% of the 13,796 ICU patients included in the
cohort were receiving antibiotic therapy [39].



50 M. Hites and E.S. Taccone
4.4 Possible PK Changes Due to Obesity

Obesity may per se alter antibiotic PK. The PK changes due to obesity could affect
drug absorption, distribution, or elimination (Fig. 4.1).

4.4.1 Absorption

Drug absorption of intravenously administered antibiotics will not be altered in the
obese patient; however, this is not true for those administered intramuscularly or
enterally. Attempted intramuscular injection of antibiotics may result in delivery
into deep subcutaneous tissue instead of muscle, possibly resulting in lower absorp-
tion of the drug [40]. Reduced enteral absorption of antibiotics may also occur due
to slower gastric emptying in obese patients due to gastric distension or higher fat
diet [41, 42]. On the other hand, absorption may be increased in obese patients who
have high fat consumption if the absorption of the antibiotic is increased with a fatty
meal. Furthermore, enteral absorption of antibiotics may be affected in patients who
have undergone bariatric surgery.
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4.4.2 Drug Distribution

Most antibiotics will demonstrate an increased VD in obese patients due to increased
adipose tissue (composed of 30% water) [43], and increased lean mass, which may
account for 20-40% of the patients excess TBW [44]. Nevertheless, the VD of
hydrophilic drugs is theoretically less likely to be influenced by obesity than lipo-
philic drugs. Table 4.1 provides a classification of antibiotics of the basis of their
physical properties. Adding complexity is the observation that the VD of a drug
does not only depend on its lipophilic or hydrophilic characteristics, but also its
molecular weight and the extent of protein binding. As an example, the VD of diaz-
epam, a very lipophilic drug, has a more than threefold increase in the obese popula-
tion [45, 46], while the VD of digoxin, another very lipophilic drug, is not affected
by obesity [47]. Furthermore, the VD of vancomycin, a hydrophilic drug, has been
shown to increase significantly in a linear fashion with an increase in TBW [48].

Altered protein binding may also affect the VD of drugs in obese individuals.
The proteins principally responsible for drug binding are albumin, o;-acid glyco-
protein, and lipoproteins. Albumin is the major protein to which acidic drugs bind;
levels of serum albumin appear to be unaltered in healthy moderate and morbidly
obese patients [49]. Hypoalbuminemia is frequent in the critically ill although little
is known about serum albumin levels in obese critically ill patients specifically.
Alpha;-acid glycoprotein is an “acute phase” protein, increasing in arthritis, cancer,
myocardial infarction, and is an important binding site for basic drugs [50-52].
Lipoproteins are a biochemical structure of both proteins and lipids; their role is to
transport triglycerides and cholesterol in the blood from one tissue to another. Free
fatty acids are circulating fatty acids that are released from adipocytes. Serum levels
of a;-acid glycoprotein [49], cholesterol [53], triglycerides [54], and FFA [55] may
be increased in the obese individual.

These serum components (o;-acid glycoprotein, cholesterol, triglycerides, FFA)
may increase or decrease protein binding by directly binding to the antibiotic, or by
displacing or preventing the antibiotic from binding to serum proteins. A significant
positive correlation between a;-acid glycoprotein levels and protein binding of van-
comycin has been observed [56], and high levels of FFA significantly decreased
in vitro protein binding of cefamandole, dicloxacillin, and sulfamethoxazole, but
increased protein binding of benzylpenicillin, cephalothin, and cefoxitin [57].

Table 4.1 Classification of antibiotics in function of their physical properties

Hydrophilic Lipophilic
Pharmacokinetic | Small volume of distribution Large volume of distribution
characteristics Poor intracellular and tissue Good intracellular and tissue
penetration penetration
Essentially eliminated by the kidneys | Essentially eliminated by the liver
Classes of Beta-lactams Fluoroquinolones
antibiotics Aminoglycosides Linezolid
Glycopeptides Tigecycline

Polymyxines
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Finally, the VD may also be altered by blood flow to tissues. Obese patients may
have poor peripheral perfusion, resulting in lower blood flow to adipose tissue [58,
59] and thus poorer distribution of antibiotics (e.g., ciprofloxacin and cefazolin) to
subcutaneous tissues [23, 60]. On the contrary, higher subcutaneous ciprofloxacin
concentrations have been observed in healthy, non-obese volunteers, due to
enhanced subcutaneous blood flow [61].

4.4.3 Drug Clearance
4.4.3.1 Liver

The liver plays an important role in the CL of drugs and chemicals from the body.
In obese individuals, liver abnormalities are frequent, ranging from steatosis to non-
alcoholic liver disease, the most common liver disease worldwide [62], or even liver
cirrhosis [63]. In a systematic review on nonalcoholic liver disease, it was estimated
that 66% of patients older than 50 years old with diabetes or obesity are thought to
have nonalcoholic steato-hepatitis with advanced fibrosis [64].

Many drugs metabolized by the liver undergo hepatic first-pass metabolism: the
drug is absorbed by the digestive system, and immediately brought to the liver via
the portal vein where the drug is then metabolized. Clearance of drugs via first-pass
metabolism is influenced mostly by hepatic blood flow. Lidocaine, a highly extracted
drug for first-pass metabolism whose systemic clearance parallels hepatic blood
flow, was evaluated in obese and lean individuals: no differences were observed,
suggesting that hepatic blood flow is not greatly altered in obese individuals [65].

Drugs are then metabolized in the liver by phase I reactions responsible for oxi-
dation (e.g., cytochrome P450), reduction, or hydrolysis, and by phase II reactions
responsible for conjugation by glucuronidation, sulfation, or acetylation. Obesity
can increase or decrease the activity of certain enzymes, responsible for phase I
oxidative metabolism [66, 67], and enhance some conjugation pathways [68].
Indeed, the CL of oxazepam and lorazepam, eliminated in the form of a glucuro-
nide, were much higher in obese compared to lean subjects [69]. On the other hand,
the CL of paracetamol, eliminated by both glucuronide and sulfate conjugation, was
only moderately increased [70], and the CL of procainamide, eliminated by acetyla-
tion, was unchanged in obese compared to non-obese patients [71].

Despite some research efforts, little is known concerning the global effect of
obesity on hepatic metabolism. Even less is known on the effect that obesity and
critical illness has on the hepatic metabolism of antibiotics.

4.4.3.2 Kidneys

The kidneys are responsible for renal clearance of drugs, metabolic waste products,
and excess water. Renal clearance depends on glomerular filtration, tubular secre-
tion, and/or tubular reabsorption. Morphological changes have been observed in the
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kidneys of obese individuals compared to lean individuals: kidneys increase in size
as TBW and body surface area (BSA) increase [72, 73].

On a functional level, obesity is associated with glomerular hyperfiltration in
animal models [74, 75], and with increased glomerular filtration rates (GFR),
increased renal blood flow (RBF), or both, in humans [76-78]. Clinically, these
functional changes may translate into augmented renal clearance (ARC), defined as
a creatinine clearance (CrCl) greater than or equal to 130 mL/min/1.73 m?. These
patients manifest enhanced renal elimination of hydrophilic solutes [79], resulting
in subtherapeutic serum levels of antibiotics in patients receiving SDR of antimicro-
bial therapy [80]. ARC has been described in the obese, non-critically ill patient
[81], and is a common finding in critically ill patients with normal plasma creatinine
concentrations [82].

Chronic renal disease is also frequently observed in the obese population [83].
Many obese patients have comorbidities such as hypertension and diabetes, which
are also well-defined risk factors for chronic renal disease.

4.5 Theoretical Antibiotic Dosage Adjustments

Standard dosage regimens of antibiotics could theoretically be adjusted based on
body size descriptors, renal function, or hepatic function.

4.5.1 On Body Size Descriptors

BMI is the most commonly used size descriptor for obesity. BMI increases with
TBW, but it does not take into account sex, race [84], or extreme muscle mass, as it
cannot differentiate adipose tissue from muscle mass [85]. Adapting doses of anti-
biotics using BMI is therefore probably not optimal because a patient with a large
muscle mass would receive the same dose as another patient with a high fat mass.
Therefore, other size descriptors that take into account varying proportions of mus-
cle to fat may prove more helpful in adapting dosage regimens in the obese patient,
as shown in Table 4.2 [86-88].

Antibiotic dosage selection should account for changes in VD and
CL. Theoretically, lipophilic drugs require TBW dosing because they distribute
extensively into tissues. On the other hand, hydrophilic drugs require adjusted body
weight (ABW) or ideal body weight (IBW) dosing because hydrophilic drugs do
not distribute to all tissues [89, 90]. However, supporting clinical evidence is lack-
ing or contradictory: vancomycin is a hydrophilic antibiotic, yet PK studies support
TBW dosing [48, 91-93].

Up until now, no single size descriptor best correlates with the VD and CL of
antibiotics in the obese individual [6, 86]. The size descriptor that best describes the
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Table 4.2 Body size descriptors [86, 87]

M. Hites and E.S. Taccone

Body size descriptor

Equation

Total body weight (TBW) (kg): total weight of
the individual

Measured on a scale (kg)

Body mass index (BMI) (kg/m?): the most
frequently used size descriptor

=TBW (kg)/HT (m)’

Body surface area (BSA) (m?): often used to
calculate doses for chemotherapy

=TBW’4» x HT"7> x 0.007184 or
=/[(HT(cm) x TBW)/3600]

Ideal body weight for males (IBW) (kg):
developed to relate body size to
mortality

=45.4 + (0.89 x HT (cm) — 152.4) + 4.5

Ideal body weight for females (IBW) (kg):
developed to relate body size to
mortality

=454 + (0.89 x HT (cm) — 152.4)

Adjusted body weight (ABW) (kg): adds a
proportion or a correction factor of excess
TBW above IBW added on to IBW. The
correction factor takes into account the
distribution of the given antibiotic into adipose
tissue

=IBW + correction factor x (TBW — IBW)

Free fat mass for males (FFM) (kg): body
weight without any adipose tissue

=(0.285 x TBW) + (12.1 x HT (m)?)

Free fat mass for females (FFM) (kg): body
weight without any adipose tissue

=(0.287 x TBW) + (9.74 x HT (m)?)

Lean body weight for females (LBW) (kg):
developed to relate patient’s size to
epidemiological trends in morbidity and
mortality

=1.1 x TBW — 0.0128 x BMI x TBW or
=(9270 x TBW)/(8780 + 244 x BMI) [88]

Lean body weight for males (LBW) (kg):
developed to relate patient’s size to
epidemiological trends in morbidity and
mortality

=1.07 x TBW — 0.0148 x BMI x TBW or
=(9270 x TBW)/(6680 + 216 x BMI) [88]

Percent ideal body weight (%)

=(TBW — IBW)/IBW x 100

Predicted normal weight for females (kg): new
size descriptor, developed to better describe
the PK of drugs

=175 x TBW — 0.0242 x BMI x TBW — 12.6

Predicted normal weight for males (kg): new
size descriptor, developed to better describe
the PK of drugs

=1.57 x TBW — 0.0183 x BMI x TBW — 10.5

VD in the obese patient seems to depend mainly on the drug being studied. However,
Green et al. found that TBW was the best size descriptor for VD in 40% of the stud-
ies they evaluated, and LBW was the best descriptor for CL in 35% [86]. Another
systematic review and meta-analysis examining the relationship between drug CL
and body size in studies published between 2000 and 2007 showed that although
many studies showed a linear relationship between CL and TBW, the average rela-
tionship was nonlinear, suggesting that another size descriptor such as LBW or IBW

may be more appropriate [94].
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4.5.2 On Liver Function

Hepatic clearance of drugs is currently not measured in a routine fashion, and no
dosage adjustments for altered hepatic clearance of antibiotics have been
proposed.

4.5.3 On Renal Function

It is current clinical practice to adjust antibiotic dosage regimens according to the
patient’s renal function. Although different GFR estimating equations are available,
they estimate most accurately the GFR when renal function is stable. This is rarely
the case in the critically ill patient. As such, 8-24 h urine collections are probably
the most precise and practical way to evaluate GFR in this setting [95, 96].

The situation is not much different in obese patients. Only one study has evalu-
ated GFR estimation equations in 22 extremely obese patients in the ICU setting.
Despite stable renal function, none of the equations provided acceptable GFR esti-
mations when compared with measured values. Twenty-four hour urine collections
were also recommended to assess CrCl in critically ill, obese patients [95].

Even in obese, non-critically ill patients, the accuracy of different GFR estima-
tion equations depends greatly on the stability of renal function, the level function,
and the body size of the individual (obese, morbidly obese, or extremely morbidly
obese). Table 4.3 provides results from different clinical studies evaluating the dif-
ferent estimation equations available for obese patients [97-106].

4.6 Dosing of Antibiotics in Obese Critically 11l Patients

Only a handful of PK studies on antibiotics have been carried out in the obese, criti-
cally ill patient. There are a number of limitations in the studies already performed:
sample sizes are often small, most of the studies compare PK data obtained from
obese individuals with historical controls, and unbound antibiotic concentrations
are most often calculated, instead of measured. Thus, the dosage recommendations
must be considered with caution (Table 4.4).

4.6.1 Beta-Lactams

Beta-lactams are time-dependent antibiotics and the PK/PD index that best describes
their efficacy is the time that the concentration of the antibiotic remains above the
MIC of the infecting pathogen (fT > MIC). Beta-lactams can be used for surgical
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Table 4.4 Clinical PK studies on antibiotics in obese critically ill patients

Author, year
[reference] Study design Size of cohort | Antibiotic Conclusions
Beta-Lactams
Hites et al. Retrospective | 68 TDMs (49 MEM, CEF, | No PK differences
2013 [111] case-control obese patients) | and TZP between obese and
study non-obese patients
Cheatham et al. | PK Prospective | 9 morbidly obesel MEM PK parameters were no
2014 [112] study patients different in morbidly
obese patients compared
to non-obese historical
controls
Alobaid et al. Population PK | 19 obese and MEM Obesity was associated
2016 [113] study non-obese with an increase in the VD
patients of MEM in the central
compartment, but only
increased CrCL and not
BMI affected PD target
attainment
Sturm et al. PK prospective | 9 morbidly obese TZP All patients achieved PD
2014 [114] study patients target attainment for
pathogens with an MIC
<16 mg/L
Alobaid et al. Multicentric, 1400 patients MEM and Obesity was not identified
2016 [116] retrospective (trough TZP in multivariate analysis as
study concentrations) a risk factor for not
attaining the PD target
Roberts and Multicentric, 31 obese and Doripenem | Probability of target
Lipman 2013 prospective PK | non-obese attainment decreased as
[117] study patients TBW increased for
infections due to less
susceptible pathogens
Aminoglycosides
Taccone et al. Prospective PK | 74 obese and Amikacin Probability of PD target
2010 [120] study non-obese attainment was better
patients, when dosage was based on
(exclusion TBW compared to ABW
criteria: BMI
>40 kg/m?)
Glycopeptides
Linet al. 2016 | Retrospective | 26 obese patients| Vancomycin | Majority of obese patients
[124] cohort study attained rapidly the PD

target with reduced
total-weight-based daily
exposure compared to lean
patients

(continued)
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Table 4.4 (continued)

Author, year

[reference] Study design Size of cohort | Antibiotic Conclusions

Fluoroquinolones

Malone et al. Prospective PK | 10 patients Ciprofloxacin | No correlation between

2001 [133] study body size and CL or VD of
ciprofloxacin was
observed

Utrup et al. Case report 1 patient Ciprofloxacin | PK was similar to PK

2010 [134] described in study by

Malone et al. [133], and
clinical and
microbiological cure was
obtained with dose of

800 mg BID of
ciprofloxacin
Oxazolidinones
Muzevich and | Case report 1 patient Linezolid Subtherapeutic
Lee 2013 [139] concentrations correlated

with decreased efficacy

prophylaxis or to treat a suspected or confirmed infection. Cefazolin (CFZ), a first-
generation cephalosporin, is the antibiotic most frequently used for prophylaxis
[37]. Despite the EPIC II study showing that about one-third of patients in the ICU
receive antibiotic prophylaxis [39], data on this practice in the critically ill are
extremely scarce. Indeed, only one study on CFZ prophylaxis in 30 post-trauma
critically ill patients is available for consideration. Population PK analysis showed
that TBW was a significant covariate in determining the VD of the central compart-
ment [107]. Other studies (in non-critically ill patients) have also identified a posi-
tive correlation between TBW and the VD of CFZ [23, 24, 108]. Studies in obese,
non-critically ill patients suggest that SDR of CFZ may not provide adequate pro-
phylaxis in all obese patients because serum and/or tissue concentrations are lower
in heavier patients after administering the same dose [23, 108-110].
Broad-spectrum beta-lactams such as piperacillin-tazobactam (TZP) and
meropenem (MEM) are used to treat nosocomial infections. Some studies suggest
that dosage regimens of TZP and MEM should not differ between obese and non-
obese critically ill patients. A retrospective, case-control study utilizing 68 epi-
sodes of TZP and MEM therapeutic drug monitoring (TDM), obtained from 49
obese critically ill patients (median BMI of 40 kg/m?) were matched for age,
SOFA score, gender and renal function, with 68 TDM episodes from 59 non-obese
critically ill patients. The study showed no significant PK differences between
obese and non-obese patients [111]. Another PK study on MEM was carried out
in nine obese, critically ill patients, without non-obese controls. Results showed
that PK parameters were similar to those observed in non-obese individuals
reported in the literature, except for a larger absolute VD, but smaller VD when
normalized for weight [112]. A population PK analysis of MEM collected in 19
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critically ill obese and non-obese patients found that obesity was associated with
an increase in the VD of the central compartment. However, BMI had little effect
on PD target attainment; only higher CrCL was associated with a lower probabil-
ity of PD target attainment [113]. A PK study on TZP was carried out in nine
morbidly obese, critically ill patients without non-obese controls. All patients
attained the PD target of fT > MIC for 100% of the dosing interval for infections
due to pathogens with an MIC of <16 mg/L [114]. Finally, a large, retrospective
multicenter study analyzed trough concentrations of MEM and TZP from 1400
critically ill patients. No differences in MEM trough concentrations were observed
between obese and lean patients. On the other hand, in univariate analysis, obese
patients had significantly lower trough concentrations of TZP and lower PD target
attainment (PD target of fT >4 x MIC for 100% of the time) than non-obese
patients. However, obese patients in the study were more often younger, male,
with a higher estimated CrCl than the non-obese group, representing factors asso-
ciated with lower antibiotic concentrations [115]. Furthermore, more non-obese
patients received prolonged infusions of TZP than in the obese group. Finally, in
multivariable logistic regression, obesity was not identified as a significant factor
affecting TZP PD target attainment. Even in this large study, obesity was not iden-
tified as a clear risk factor for insufficient MEM or TZP serum concentrations in
critically ill patients [116].

On the other hand, in a PK study of doripenem in 31 critically ill patients with
nosocomial pneumonia (seven of whom were obese), the probability of PD target
attainment was significantly lower in patients with greater TBW. Higher dosage
regimens or extended infusions of doripenem were recommended in obese patients
[117].

Therefore, in obese, critically ill patients, doses of MEM and TZP should not
differ with doses given to lean patients. However, an increased dosage regimen with
or without prolonged infusion is probably necessary for doripenem, particularly if
the infecting pathogen is less susceptible.

4.6.2 Aminoglycosides

Aminoglycosides are concentration-dependent antibiotics used to treat confirmed
or suspected severe Gram-negative infections. Their accepted PD target is a peak
concentration to MIC ratio (C,,,,/MIC) >8-10. A retrospective analysis of data on
the PK of gentamycin and tobramycin obtained from 40 morbidly obese patients
with serum creatinine levels of <1.5 mg/dL, who had received a once-daily amino-
glycoside regimen based on adjusted body weight (ABW), has been reported.
Severity of disease was not available. The authors recommended to continue using
ABW-based dosage regimens in obese patients, despite the observation that 16% of
the patients did not attain PD targets to treat less susceptible pathogens [118]. In a
PK analysis of prospective data on gentamycin and tobramycin collected from 2073
adults (of unknown clinical severity) from 1982 to 2003, LBW-based dosage
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regimens (using the Janmahasatian method [88]), performed better than ABW-
based regimens to attain PD targets [119].

PK data on obese, critically ill patients is very sparse. In one study evaluating the
loading dose of amikacin in patients with sepsis or septic shock, patients with a BMI
>40 kg/m? were excluded. Out of 74 patients who participated in the study, nine were
obese. The probability of PD target attainment was significantly better when doses
of 30 mg/kg were administered based on TBW compared to a dose of 25 mg/kg
based on ABW [120]. No other studies have been carried out in obese critically ill
patients. These data suggest that initial aminoglycoside dosing should be based on
TBW for patients with a BMI up to 40 kg/m? and on ABW or LBW for patients
with a BMI >40 kg/m?. Dosage regimens should then be adapted based on TDM.

4.6.3 Glycopeptides

Glycopeptides are used to treat infections due to Gram-positive pathogens. The
accepted PK/PD target for vancomycin, the most commonly used glycopeptide, is
an area under the concentration time curve to MIC ratio (AUC,_,,/MIC) >400. In the
critically ill patient, continuous infusion of vancomycin (CIV) is preferred to inter-
mittent infusion of vancomycin (IIV) because despite no differences in terms of PK
properties, clinical efficacy, or mortality [121-123], studies have shown that CIV
allows for faster acquisition of target concentrations, requires fewer serum samples
per treatment to monitor vancomycin concentrations, presents less variability in the
daily given dose, is less expensive, and the risk of drug-related nephrotoxicity is
significantly lower than with ITV, when the same daily dosage regimens are admin-
istered [122, 123].

In obese, non-critically ill patients, both the VD and the CL of vancomycin have
been shown to correlate in a linear fashion with TBW [48]. However, in a recent ret-
rospective case-control study using CIV in obese and non-obese critically ill patients,
researchers failed to show any difference in the CL of vancomycin between obese
(BMI >35 kg/m?) and non-obese patients (BMI < 35 kg/m?), and there was no clear
relationship with TBW. The majority of obese patients (15/17) achieved rapid (24 h)
PD target achievement after having received a loading dose of 25.3 mg/kg, followed
by a maintenance dose of 13.3 mg/kg. Utilization of CIV in obese patients reduced
the total-weight based daily exposure of vancomycin compared to lean patients [124].

In a previous retrospective study of 332 randomly selected patients receiving IIV,
TBW >101.4 kg, and large vancomycin doses (>4 g/jour) were independently asso-
ciated with nephrotoxicity [125]. No other study has confirmed the association
between nephrotoxicity and weight, but other studies have confirmed that elevated
trough concentrations, duration of therapy, and IV are associated with nephrotoxic-
ity [126—128]. Continuous infusion of vancomycin in the obese critically ill patient
may indeed allow for good PD target attainment, at lower daily doses, and a lower
risk of nephrotoxicity in these patients. These results need to be confirmed in a pro-
spective study.
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Current vancomycin dosage recommendations are to administer it as a continu-
ous infusion, with a loading dose based on TBW, followed by a maintenance dose
based on the patient’s CrCL and TDM.

4.6.4 Fluoroquinolones

Fluoroquinolones are antimicrobials with both concentration and time-dependent
PK/PD, used to treat Gram-positive and Gram-negative infections. The PK/PD
index that best describes their efficacy is the AUC,_,,/MIC ratio.

One PK study on moxifloxacin was performed in 12 morbidly obese non-
critically ill patients. No significant plasma PK differences were observed between
obese patients and non-obese historical controls. The authors suggested that no dose
adjustment was necessary [129].

Studies on levofloxacin have provided conflicting results. In one PK study in 15
obese individuals and one case report involving an obese individual weighing
179 kg, no dosage adjustment was needed [130, 131]. However, after reviewing data
from TDM episodes collected in 68 severely morbidly obese patients, dosage
adjustment was recommended. The new recommended regimens were stratified by
CrCl, calculated using the Cockcroft-Gault equation based on IBW [132].

The only PK studies of fluoroquinolones in obese, critically ill patients involve
ciprofloxacin. A PK study on ciprofloxacin was carried out in ten critically ill
patients receiving continuous renal replacement therapy (CRRT); six of the patients
were obese. No correlation was found between body size and VD or CL [133].
Microbiological and clinical success was reported in a case report of a critically ill
patient with a BMI of 53.7 kg/m? and on CRRT, receiving 800 mg twice daily of
ciprofloxacin. Because the PK of ciprofloxacin was similar to that described in the
previous study, the authors recommended giving higher doses to obese patients
infected with pathogens with higher MICs [134].

No other relevant PK studies have been performed in the obese, critically ill
patient. Therefore, no recommendations for dosage adjustments can be made.
Obese, critically ill patients should receive similar fluoroquinolone dosage regimens
as lean critically ill patients.

4.6.5 Oxazolidinone

Linezolid is an antimicrobial with both concentration and time-dependent PK/PD,
used to treat Gram-positive infections. The PK/PD index that best describes efficacy
for Linezolid is the AUC,,,/MIC ratio. A PK study in 20 obese, but otherwise
healthy volunteers, showed that despite a significant positive correlation between
TBW and total VD, linezolid exposure in patients up to about 150 kg was similar to
historical non-obese controls. The authors suggested that no dose adjustment was
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needed in obese patients up to approximately 150 kg [135]. Several other case
reports [136, 137] and case series [138] have shown that drug exposure is decreased
in obese non-critically ill patients, but that clinical cure and microbiological success
remains high.

There are currently no PK studies on linezolid in obese, critically ill patients. Only
one case report of a critically ill patient weighing 256 kg (BMI of 82 kg/m?) with a
methicillin-resistant S. aureus pneumonia demonstrated that subtherapeutic linezolid
concentrations correlated with decreased clinical efficacy [139]. Current recommen-
dations on dosage regimens should not differ from non-obese critically ill patients.

4.6.6 Polymyxines

Colistin is an antimicrobial with both concentration and time-dependent PK/PD, used
to treat multidrug-resistant Gram-negative infections. The PK/PD index that best
describes its efficacy is the AUC,_,/MIC ratio. Four PK studies have been carried out
in critically ill patients. Three of the studies did not find any correlation between body
size and VD of colistin, but these studies were small with only 10 [140], 14 [141], and
18 [142] participants. Furthermore, few heavy patients were included in these studies
as the median TBW was 80 kg in two of the studies [140, 141], and the mean TBW
was 72.5 kg in the last study [142]. In a larger study with 105 participants, IBW was
identified as a covariate for the VD of the central compartment, representing the prin-
ciple reason for which IBW-based loading doses have been proposed. However, the
heaviest patient that participated in the study was 106 kg [143]. Nevertheless, in a
retrospective study of colistin associated nephrotoxicity in 42 obese and overweight
critically ill and non-critically ill patients, a BMI >31.5 kg/m? was identified as an
independent risk factor for nephrotoxicity, possibly due to excessive dosing in the
majority of the patients because this was based on TBW instead of IBW. Thirty-day
all-cause in-hospital mortality was 40% in patients who developed nephrotoxicity
compared to 15% in those who did not develop nephrotoxicity (p = 0.14) [144].

Other dosage regimens of colistin have been suggested, such as a loading dose of
6-9 MIU followed by 4.5 MIU of colistin twice daily, regardless of the body size.
However, these regimens still need clinical validation, particularly in the case of
critically ill obese patients [142, 143].

There are currently no available PK data on the obese, critically ill patient; there-
fore, no recommendations for dosage adjustment can be made. Obese, critically ill
patients should receive similar dosage regimens as lean critically ill patients.

4.6.7 Glycylines

Tigecycline has a broad-spectrum activity against Gram positive and negative bac-
teria. However, in the ICU, the antibiotic is used essentially to treat infections due
to multidrug-resistant Gram-negative pathogens. The PK/PD index that best pre-
dicts efficacy is the AUC,,,/MIC ratio. The probability of PD target attainment to
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treat infections due to Gram-negative pathogens was very low with the SDR of
100 mg followed by 50 mg twice daily. PD target attainment was significantly
improved (67%) when a higher dosage regimen of 200 mg followed by 100 mg
twice daily for Gram-negative pathogens with an MIC of 0.5 mg/L. was adminis-
tered [145]. The high-dose regimens may be more effective than low-dose regi-
mens, without major safety issues [146].

There are currently no available PK data on the obese, critically ill patient; there-
fore, no recommendations for dosage adjustment can be made. Obese, critically ill
patients should receive similar dosage regimens as lean critically ill patients.

4.6.8 Lipopeptides

Daptomycin is an antibiotic used to treat Gram-positive infections. The PK/PD
index that best describes efficacy is the Cy,,,/MIC or AUC,_,,/MIC ratio. The SDR
for patients with a normal renal function is 6 mg/kg; however, higher dosage regi-
mens (e.g., >8 mg/kg) may be necessary in critically ill patients [147].

Total body weight was identified to be the appropriate body size descriptor to
adapt doses in a population PK study using data from phase 1-3 clinical trials
(n = 282) on daptomycin [148]. TBW was confirmed to be the appropriate dosing
weight in two other PK studies. The first PK study evaluated a single dose of dapto-
mycin in seven lean and seven morbidly obese healthy volunteers: CL of the drug
was similar in both groups, and no differences were observed between the two groups
when AUC_,, and C,,,, were normalized to TBW [149]. The second PK study evalu-
ated daptomycin in moderately and morbidly obese volunteers matched to non-obese
volunteers for age, gender, and renal function. In this study, obese patients had lower
CL of daptomycin than normal weight individuals with matched renal function [150].

There are currently no available PK data on the obese, critically ill patient; there-
fore, no recommendations for dosage adjustment can be made. Obese, critically ill
patients should receive similar dosage regimens as lean critically ill patients.

4.7 Conclusions

Despite the growing numbers of obese critically ill patients, PK studies on antibiot-
ics in these patients are greatly lacking, and yet, these patients are particularly vul-
nerable for developing infections. Adequate prophylactic and therapeutic antibiotic
therapy is therefore essential. Optimizing treatment in this patient population is
important to avoid insufficient serum concentrations potentially responsible for
therapeutic failure and/or emergence of resistance and to avoid excessive serum
concentrations potentially responsible for toxicity. Much research still needs to be
carried out in this domain because currently we are lacking data to make sound
recommendations concerning dosage regimens. In the meantime, because the PK of
antibiotics is extremely variable in the critically ill patient, we recommended to use
TDM to guide antibiotic treatment whenever possible.
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Chapter 5
Hypoalbuminaemia and Altered Protein
Binding

Adrian Brink

5.1 Introduction

Critical illness is associated with such substantial metabolic and physiological changes
that antibiotic pharmacokinetics (PK) are altered, concentrations are unpredictable
and dosing decisions are complicated and mostly unresolved. There is increasing evi-
dence that dosing should be individualized according to many factors, such as weight,
renal function and albumin levels. The Defining Antibiotic Levels in ICU patients
(DALI) study recently showed a greater than 500-fold variation in plasma beta-lactam
concentrations in the patients studied [1]. Alterations to PK have been identified not
only for beta-lactams [2-5], but also to other antibiotic classes such as the oxazolidi-
nones [6-8], the glycopeptides [8, 9] and the aminoglycosides [8, 9]. Failure to meet
pharmacokinetic/pharmacodynamics (PK/PD) targets is associated with a reduction
in bacterial kill, and may adversely impact patient outcomes [1, 8, 10-13].

The degree to which a drug is protein bound under normal circumstances and the
extent to which this is altered in critical illness are seldom considered when deciding
on a dosing regimen [14]. Both of these factors may have a significant impact on two
independent determinants affecting PK, apparent volume of distribution (Vd) and
clearance (CL) of the drug. Somewhat conflicting views exist though whether
changes in plasma protein binding will influence the clinical exposure of a patient to
a drug, and this may be as result of the lack of standardization for PD models [15—
18]. Albumin as the serum protein responsible for most drug-protein binding, may
have a profound effect on the Vd and CL, particularly of highly protein-bound drugs,
as it is only the unbound fraction that is pharmacodynamically active [14, 19-21].
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High inter- and intra-patient variability in Vj is exacerbated by aggressive fluid
resuscitation, and CL may be significantly influenced by augmented renal clearance
(ARC) [22, 23], acute kidney injury (AKI) [24], renal replacement therapy (RRT)
and extracorporeal membrane oxygenation (ECMO) [8, 25]. In addition, multiple
other pathophysiological processes are present in critically ill patients that can alter
drug—albumin interactions. These processes include: decreased albumin synthesis
and capillary leak [that occurs as a consequence of the systemic inflammatory
response syndrome (SIRS)], or a loss of albumin in patients with an open abdomen
or with burns. In fact, hypoalbuminaemia (<25 g/dL) occurs in more than 40% of
patients admitted to ICU [9, 26, 27]. Displacement by endogenous molecules with
a high affinity for albumin (e.g. bilirubin and urea) or by concurrent administration
of other highly protein bound drugs can also play an important role. Finally, confor-
mational changes to the albumin molecule, such as occur with glycosylation induced
by hyperglycaemia, have also been shown to decrease binding capacity, with the
increased unbound fraction resulting in an increased V, [28].

Given these pathophysiological changes it is not surprising that protein binding
may be clinically relevant, particularly for antimicrobial agents with high intrinsic
clearance (CLy,), that are also highly protein bound (>85-90%) and predominantly
cleared by glomerular filtration [9]. This is of particular relevance to hydrophilic
agents such as the beta-lactams (e.g. ceftriaxone, ertapenem, flucloxacillin), the
glycopeptides (e.g. teicoplanin) and the lipopeptides (e.g. daptomycin) [8, 9].
Hypoalbuminaemia may lead to an increased proportion of the active, unbound
fraction of an antimicrobial, although paradoxically, as a consequence of increased
V4 and CL, antimicrobial concentrations may actually be reduced throughout the
dosing interval. Higher doses or, preferably, shorter dosing intervals may be advis-
able for such antimicrobials when higher drug exposure is warranted.

5.2 Albumin-Antimicrobial Binding Dynamics

Human serum albumin is an extremely soluble, 66.5-kDa, negatively charged, ellip-
tically shaped protein, which makes up 50% of total plasma protein [29-32]. It has
been reported to have four reversible binding sites [33] which are important not only
for binding to free ions (e.g. calcium), fatty acids and amino acids, but also for car-
riage of numerous endogenous (e.g. insulin, cortisol and glucagon) and exogenous
molecules on domains I and II [30, 31]. Albumin only binds to acidic and neutral
drugs. In addition, thiol groups on albumin have an important antioxidant function,
donating electrons and neutralizing toxic oxygen radicals [30, 32]. This property is
crucial in septic patients [31, 34].

In the healthy state, intravascular albumin mass is estimated as 120 g, in contrast
to the approximate 160 g found in the extravascular space [29]. Following synthesis
in the liver, it is secreted into the intravascular space and rapidly (at a rate of
6-7 g h7!) achieves equilibrium with the interstitial space. This occurs through
“trans-capillary filtration” via passive filtration in areas with large gaps in the endo-
thelium and by active filtration via the receptor albondin [30-32]. Simultaneously,
albumin is returned to the intravascular compartment via lymphatics at a rate of
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120 ml h=! [29, 31]. The binding of albumin to an antimicrobial occurs as a revers-
ible equilibrium dependent on the concentrations of each and on an association
(affinity) constant determined by several properties, such as the number of antimi-
crobial binding sites and the molecular weight of the antimicrobial [14]. The asso-
ciation (equilibrium) constant (K,) of an antimicrobial for albumin can be defined
by using Eq. 5.1, where b, f and t refer to the molar concentrations of bound, free
and total antibiotic respectively, and P is the total molar concentration of albumin:

b
K =—— 5.1
=7 (Pb) (3.1

b=t-f

At standard doses, most drugs display linear binding—where the unbound frac-
tion remains unchanged as drug concentrations increase. When unbound concentra-
tions of the antimicrobial exceed the number of available binding sites on albumin,
protein binding becomes concentration-dependent [14]. Ertapenem, ceftriaxone and
cefazolin are examples of antimicrobials for which non-linear protein binding has
been reported [14, 35].

The representation of the reversible equilibrium between bound, unbound and dis-
tributed drug in critically ill patients is best described graphically as a two-compartment
model initially proposed by Tilament et al. in 1978 [36] and subsequently substantially
modified by Ulldemolins et al. [27] and Roberts et al. [9]. As depicted in Fig. 5.1, the
bloodstream represents the central compartment and the extravascular tissue, into which

kin
Bloodstream
Kp ‘ Kiz
Bound fraction ~ [€ Unbound fraction [ Unbound fraction
Central compartment » Central compartment » Peripheral compartment
kub k21
Ky Ky
Kout b ub’
v A 4

Bound fraction
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Fig. 5.1 A two-compartment model for albumin binding equilibrium. The central and peripheral
compartments represent the intravascular blood volume and the extravascular tissues, respectively:
ki, corresponds to the absorption constant (in oral administration) or the infusion rate (in intrave-
nous infusion) while k,,, corresponds to the elimination constant from the central compartment, k;,
and k,, represents the equilibrium between bound and unbound drug, respectively, and albumin in
the central compartment that is dependent on binding affinity, k;, corresponds to the constant that
describes the movement of drug from the central compartment (1) to the peripheral compartment
(2) while k,; conversely, describes the movement from the peripheral compartment(s) back to the
central compartment, k," and k,;,” describes the equilibrium between bound and unbound drug and
albumin in the peripheral compartment where binding can occur to extravasated albumin or to cell
membranes or include intracellular distribution. Adapted from Roberts et al. [9], with permission
from Springer International Publishing AG (2013)
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the unbound drug distributes from the central compartment, constitutes the peripheral
compartment. The albumin-bound fractions in both compartments act as a “reservoir”
or “depot” for unbound drug within the vascular compartment where dissociation of the
albumin—drug complex provides constant unbound concentrations [19, 27, 37].

Roberts et al. [38] examined the unbound concentrations of cefazolin, a highly
bound antibiotic [plasma protein binding (PPB) ~ 90%] to illustrate the binding
dynamics during the dosing interval, following administration of 1,000 mg infused
over five minutes in 30 critically ill patients with traumatic soft tissue injuries [9,
38]. The authors demonstrated how the unbound fraction changes in the same dos-
ing interval (6h) in patients without hypoalbuminaemia. In fact, immediately after
administration, the very high cefazolin plasma concentrations resulted in dispropor-
tionately high unbound concentrations until binding to plasma proteins took place.
Once equilibrium between bound, unbound and distributed drug was achieved, both
the unbound fraction and concentration declined and stabilized after two hours.
Similar data have been shown for ceftriaxone [39].

It is of paramount importance to note that the unbound fraction and unbound
concentration are different [9, 27].

The PK/PD effect is governed by changes in unbound drug concentration, which
is not equivalent to changes in the unbound drug fraction. For many drugs, different
unbound fractions have been described during a dosing interval which depends on
the total drug concentration and several other factors such as saturation [40]. The
unbound fraction is expressed as a function of both the unbound concentration and
the two binding parameters—the maximal binding capacity (B,..), which is related
to the molar concentration of the binding protein, and the equilibrium dissociation
constant (Kj), which is equal to the inverse of the affinity constant K,. Data describ-
ing both the unbound fraction and the corresponding unbound drug concentration
should be considered together to interpret likely drug effects during drug discovery
[9, 40]. However, the change in unbound plasma concentration (C..) of the drug
during the dosing interval should be the primary focus rather than the unbound frac-
tion (f;) when predicting the effects of changes in albumin concentration [9, 40-42].

5.3 Causes of Altered Albumin Binding

Altered albumin levels may result not only in an alteration of intra- and extravascu-
lar fluid flux, but also in decrease all of the secondary functions of albumin, includ-
ing its function as an antioxidant, its role in maintenance of capillary integrity and
of particular relevance to this review, drug transport [29, 32, 43]. Hypoalbuminaemia
is a non-specific marker of severity of illness and levels rapidly decrease during the
stress response [33, 44]. There is currently no consensus as to what level defines
hypoalbuminaemia nor what should be considered a moderate or severe decrease.
Hypoalbuminaemia may be defined as <35 g/L [31], based on the SAFE (Saline
versus Albumin Fluid Evaluation) study. Most PK studies define hypoalbuminaemia
as a serum albumin <25 g/L, with a reported incidence in critically ill patients of
40-50% [26, 27].
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Altered albumin binding
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« Malnutrition « Pregnancy « latrogenic” * Free fatty acids * Actetylation” * Frusemide (PPB ~ 95%)
* Aging * Diabetes mellitus * Uremic toxins” « lonization (pH)™" * Aspirin (PPB > 99%)
* Malignancies « Pulmonary oedema * Other waste products *NSAIDs (PPB > 90%)
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 Valproic acid (PPB 80-90%)
« Vit K antagonists (PPB > 90%)

Fig. 5.2 Clinical factors responsible for alterations in drug—albumin binding. (i) Serum to tissues,
(ii) Stress, injury, systemic inflammatory response syndrome, (iii) Burns, open abdomen, (iv)
Binding to starch, (v) Includes indoxyl sulphate, indole acetate, hippuric acid and 3-Carboxy-4-
Methyl-5-Propyl-2-Furanpropanoic Acid (CMPF), (vi) due to hyperglycaemia, (vii) due to low
doses of aspirin or p-nitrophenyl acetate (intermediate in the synthesis of paracetamol), (viii) leads
to N-B = Neutral-to-Base isomer transition. SIRS systemic inflammatory response syndrome, PPB
plasma protein binding, NSAIDs non-steroidal anti-inflammatory drugs, Vit vitamin. Adapted from
Ulldemolins et al. [27], with permission from Springer International Publishing AG (2011)

Alterations in binding may involve albumin, the drug itself or conditions required
for binding. The causes of altered albumin binding are therefore multifactorial and
these may occur concurrently as depicted in Fig. 5.2. Most result from disease-
driven physiological changes as a consequence of decreased synthesis and increased
transcapillary leak and elimination. The coexistence of these factors accounts for the
frequency of hypoalbuminaemia documented in critically ill patients. Concomitant
endogenous and exogenous displacement of the drug, due most probably to modifi-
cation of albumin, may also occur.

SIRS in critically ill patients is associated with elevated levels of tumour necrosis
factor (TNF)-alpha and interleukin (IL)-6 which results in increased synthesis of
acute-phase proteins, such as C-reactive protein, complement-3 and fibrinogen, at
the expense of visceral proteins [31, 33, 44]. This is compounded by the fact that
critically ill patients are at high risk for malnutrition with an insufficient dietary
amino acid intake [32, 45, 46]. The SIRS response is also associated with a disrup-
tion of the endothelial glycocalyx and of intercellular tight junctions with increased
capillary permeability and transcapillary loss, particularly prominent in patients
with shock [47, 48]. These mechanisms can be exaggerated by exogenous loss such
as that observed with burns or with other surgical causes such as blood loss or an
open abdomen [3, 9, 27]. Notably, up to 2 g of nitrogen (12.5 g of protein) per litre
may be lost in patients with an open abdomen [49].

Diminished plasma drug binding by exogenous drugs (co-administered) is usu-
ally a result of competitive displacement from the same binding site or allosteric
displacement following micro-environmental changes at the binding site [43].
Endogenous binding inhibitors found in plasma (such as bilirubin, urea and free
fatty acids) were initially thought to lead to drug displacement but it appears that
complex interactions with these molecules may actually involve conformational
changes of the albumin molecule which may reduce or increase binding, depend-
ing on the substance, rather than direct competition [50]. Although conventional
drug—drug interactions with displacement from competing plasma protein binding
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sites may still occur, they usually do not result in changes in the unbound levels of
most antimicrobials [16, 17].

As such, albumin has been called a “breathing” molecule—referring to the
dynamic nature of its physiological interactions [50]. This is due to the fact that its
tertiary and quaternary structures are not rigid and can be altered by multiple factors
including pH, calcium ions, its redox state, chloride, the albumin concentration per
se and hyperglycaemia [18, 36, 51]. One such effect, known as Neutral — Base
(N-B) transition, is significantly influenced by pH. The transition leads to a differ-
ential affinity of drugs for the N- or B-isomers. For example, the unbound fraction
of ciprofloxacin is approximately 80% higher with the B isoform compared to the N
isoform [52]. The impact of the N-B transition on the binding of other antibiotics is
unclear. Hyperglycaemia may also affect the structure of albumin through glycosyl-
ation via a non-enzymatic process involving Schiff base formation and Amadori
rearrangement to a ketoamine derivative [28]. In summary, the physical and biologi-
cal properties of albumin render the molecule easily modifiable by multiple pro-
cesses which may compromise its ability to bind to albumin-binding drugs [28, 53].

A recent prospective study of teicoplanin (PPB ~90-95%) found that 12 h after
administration of a loading dose in hyperglycaemic critically ill patients with hypoalbu-
minaemia (n = 28), serum teicoplanin concentrations were significantly lower and the
Vyq significantly higher compared to the control group [28]. The study also found that the
percentage of glycosylated albumin was significantly correlated with the equilibrium
constant of teicoplanin for albumin (P = 0.004) and the teicoplanin V; (P = 0.031). The
significant impact of conformational changes due to glycosylation of albumin on the
PKs of a highly protein bound antimicrobial was thus confirmed for teicoplanin but the
impact on other antimicrobials is unknown. The clinical consequences and implications
of displacement from albumin or conformational changes depend ultimately on the
extent of changes in distribution and clearance of each drug and the effect this has on
the unbound antimicrobial concentration relative to the therapeutic PK/PD target.

In critically ill patients with acute or chronic renal or liver insufficiency, binding
of drugs is reduced but this is only partially accounted for by hypoalbuminaemia and
the accumulation of endogenous binding inhibitors such as urea or bilirubin [15, 36,
43]. Unknown factors appear to modify the albumin structure in such a way as to lead
to decreased affinity for various drugs; for example, carbamylation (decomposition)
of albumin has been suggested to be one mechanism. Recent protein binding studies
of drugs such as vancomycin, ertapenem and ceftriaxone to albumin [15, 54, 55] have
confirmed that there is more to altered binding in critically ill patients than hypoalbu-
minaemia alone. The results of a Michaelis—Menten kinetic analysis for ertapenem
highlight the differences in binding characteristics between healthy volunteers and
critically ill patients [55]. The study found the number of binding sites per albumin
molecule was 1.22 (95% CI 1.07-1.38) in plasma from healthy volunteers versus
only 0.404 (95% CI 0.158-0.650) in plasma from ICU patients [55]. This result sup-
ports the assertion that binding properties may be affected by other plasma compo-
nents in critically ill patients. Some antibiotics may also bind to a range of other
proteins, for example transferrin, lactoferrin and alpha-1-acid glycoprotein (AAG).

In vitro assays might have important effects on drug binding which may be extrap-
olated to measured effects in vivo and may be one of the reasons for contradictory
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publications regarding relevance of protein binding for specific drugs [54, 56].
Consensus is required with regard to standardization of temperature, pH and other
conditions such as centrifugal force (“pressure effect”) during the process of ultrafil-
tration to determine the unbound concentration. Similarly, close attention should be
given to antimicrobial stability to ensure robust, reproducible and comparable experi-
mental measurements [18, 56] not only to enable informed dosing decisions during
antimicrobial development, but also to facilitate patient-specific dosing regimens,
such as Bayesian dose adaption.

5.4 Impact of Altered Protein Binding on Antibacterial
Pharmacokinetics

The most important pathophysiological changes that occur in critically ill patients
that may alter the PK of antibacterials are the expansion of the extracellular space
[57], dysfunction of the eliminating organs including both ARC [22-24] and
impaired renal clearance [24], and alterations in plasma protein binding.

If one accepts the paradigm that only the unbound drug is responsible for antibac-
terial activity, it is probable that alterations in protein binding are applicable only to
a limited number of antimicrobials depending on certain properties of the drug such
as whether they are hydrophilic or lipophilic and the extent to which they are protein
bound. In this regard, Mimoz et al. [58] described a model which explored the PK
effect of decreased protein binding capacity on a highly protein bound antibiotic.
The study investigated ceftriaxone (PPB ~85-95%), during iatrogenic hydroxyethyl
starch-induced hypoalbuminaemia in post-surgery, critically ill patients. In this
study, in which no other concurrent confounding factors were present, the authors
reported significant increases in the V; and CL of ceftriaxone, when compared to
healthy subjects. The study also established an inverse correlation between serum
albumin concentration and ceftriaxone CL.

The effect of plasma protein binding on both V; and CL can be predicted by the
following PK equations [9, 59]:

5.4.1 Impact of Protein Binding on Drug Distribution

V4 can be calculated using Eq. 5.2:

/.
V,=| 2 v+, 52
[f J (5.2)

uT

where f; is the unbound plasma fraction, f,r the unbound tissue fraction, Vy the tis-
sue volume and Vjp the plasma volume. From this equation it can be seen that the larger
the f,, the larger the V; and that acute or chronic alterations in albumin binding would
lead to changes to the V, [9]. Of particular relevance for critically ill patients, where
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early and appropriate therapy is the cornerstone of effective treatment of life-threaten-
ing infection [60, 61], increases in the V4 could result in decreases of unbound drug
resulting in subtherapeutic concentrations at any point following drug administration.
The effects of changes in V; are confined predominantly to hydrophilic drugs, where
their distribution is limited to the extracellular space which is significantly influenced
by factors that affect the extracellular volume and/or renal perfusion, such as hyperdy-
namic circulation and aggressive fluid resuscitation [57, 62—68]. In contrast, the V, for
lipophilic drugs, such as the fluoroquinolones, is usually unchanged in critically ill
patients when compared with that of healthy volunteers [57]. For hydrophilic antibac-
terials, such as beta-lactams, glycopeptides, lipopeptides, linezolid, aminoglycosides
and colistin, the impact of hypoalbuminaemia as a major determinant of V; should not
be underestimated, as it may be linearly correlated with the pharmacodynamically
active unbound concentration [2—4, 9, 69—72]. The increase in V, of hydrophilic drugs
in critically ill patients, compared with other patient populations, provides the ratio-
nale for the administration of a loading dose and increased frequency of dosing.

5.4.2 Impact of Protein Binding on Drug Clearance

The CL can be calculated using Eq. 5.3:

L _ Q(fu'CLinl) (53)

~0+(fCL,,)

where Q is blood flow in the eliminating organ and CL, is intrinsic clearance
which, together with the f,, affects drug removal from the intravascular compart-
ment. This CL;, varies in the presence of hepatic enzyme or renal tubular excretory
activity [9]. The kidneys and liver clear unbound drug and therefore the larger the f;,
the higher the renal and/or hepatic clearance would be. For antibacterials cleared
predominantly by glomerular filtration and/or tubular excretion, augmented glo-
merular filtration, as a result of increased renal perfusion due to the high cardiac
output and low systemic vascular resistance associated with sepsis, may lead to
profound increases in CL [22]. As shown in Table 5.1, and particularly relevant to
antibacterials with high renal excretion (CL;,), the impact on CL is even more sub-
stantial when hypoalbuminaemia is present [2-5, 15, 55, 70, 72-77].

Hypoalbuminaemia may lead to a greater proportion of unbound drug in plasma,
which although temporarily increases concentrations [78] is rapidly distributed
from the central to peripheral compartments translating into a larger V4 and increased
CL, compared to patients with normal albumin levels. In time an equilibrium
between bound and distributed drug is achieved such that the former functions as a
reservoir for the latter until the bound fraction is sufficiently reduced later in the
dosing interval when insufficient unbound concentrations occur [9, 78].

The impact of protein binding on the PK of antibacterials that are moderately
(30-70%) or minimally bound (<30%) has yet to be clarified [79]. Wong et al. [80]
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recently demonstrated marked variability in critically ill patients, both in unbound
and total concentrations of seven beta-lactams, irrespective of whether they were
highly protein bound or not [80]. Variability occurred with ampicillin, piperacillin
and benzylpenicillin where PPB under normal circumstances is 20%, 30% and 65%,
respectively. This was also recently confirmed for linezolid (PPB 31%), where the
percentage bound in hypoalbuminaemic patients was significantly lower than that in
non-hypoalbuminaemic patients (P = 0.024) [81]. Similarly, a multivariate analysis
has revealed a relationship between plasma protein binding (PPB 50%) and plasma
albumin concentrations for voriconazole (P < 0.001), with higher unbound concen-
trations with decreasing albumin concentrations. The correlation was more pro-
nounced in the presence of an elevated bilirubin (P = 0.05) [82, 83].

5.5 Clinical Relevance of Altered Albumin Binding

The clinical implications of altered protein binding are dependent on the effect it has
on the PK of the unbound antimicrobial, and whether the PK/PD target associated
with optimal efficacy is achieved. For time-dependent antimicrobials (e.g. beta-lac-
tams), increased CL may reduce the time that the concentration of unbound antimi-
crobial is maintained above the minimum inhibitory concentration (MIC) of the
bacteria throughout the dosing interval (fT > MIC) [27]. Cephalosporins should
exceed 60-70%, penicillins (including monobactams) 50-60% [91], and carbapen-
ems 40% [92] fT > MIC for maximal bactericidal activity. For concentration-
dependent antimicrobials (e.g. aminoglycosides), the PK/PD target is the ratio of the
maximum concentration (C,,,) to the MIC of the bacteria (C,,,,/MIC), which may not
be achieved because of an increase in V, [9, 27]. For concentration-dependent antimi-
crobials with time dependence (e.g. linezolid and daptomycin), the attainment of the
PK/PD target of the area under the curve (AUC) to the MIC (fAUC/MIC) can also be
compromised, as the AUC is a function of both CL and V, [81]. Given the alterations
in PK discussed in Sect. 5.4, in addition to the higher MICs associated with less sus-
ceptible bacteria which are increasingly encountered globally, these indices are of
utmost importance to improve infection-related mortality in critically ill patients.
While both V; and CL of highly protein bound antimicrobials (PPB >70%) may
be significantly altered with hypoalbuminaemia, for other antibacterials that have
moderate (PPB 30-70%) or low (PPB <30%) protein binding, the effect on V,; and
CL is thought to be less substantial or even negligible [16—18]. Consideration of
hypoalbuminaemia in the context of the extent and degree of concurrent patho-
physiological alterations in critically ill patients might be necessary to optimize
dosing regimens for such antimicrobials. Where data are available the impact of
hypoalbuminaemia on PK parameters for specific antimicrobials will be briefly dis-
cussed below [9, 17]. Unfortunately, the majority of PK studies have not measured
unbound concentrations or where they have been measured, the impact on V; and
CL has not been provided. Table 5.2 documents the studies (n = 4) where alterations
in PK parameters of unbound concentrations of moderate-to-highly bound antibac-
terials in critically ill patients with hypoalbuminaemia are compared with those in
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Table 5.3 Classification of antimicrobials according to percentage protein binding®

Highly bound (>70%) Moderately bound (30-70%) | Minimally bound (<30%)
Amphotericin B (90%) Azithromycin (7-51%) Amikacin (0-11%)
Anidulafungin (>99%) Aztreonam (60%) Amoxicillin (17-20%)

Caspofungin (97%)
Cefazolin (75-85%)
Cefonicid (98%)
Cefoperazone (90%)
Cefoxitin (80-50%)
Ceftriaxone (85-95%)
Clindamycin (90%)*
Cloxacillin (94%)
Dalbavancin (93%)
Daptomycin (90-93%)°
Dicloxacillin (97%)
Doxycycline (93%)
Ertapenem (85-95%)
Erythromycin (73-81%)
Faropenem (96-99%)
Flucloxacillin (95%)
Fusidic acid (95-97%)
Iclaprim (93%)
Itraconazole (99.8%)
Lincomycin (80-90%)
Minocycline (75%)
Nafcillin (90%)
Oxacillin (93%)
Oritavancin (85%) [123]¢
Posaconazole (>97%)
Rifampicin [rifampin] (80%)
Sulfisoxazole (92%)
Tedizolid (60-70%) [134]
Teicoplanin (90-95%)
Telavancin (92-94%)
Tigecycline (71-89%)

Cefotaxime (40%)
Cefuroxime (33-50%)
Cephalothin (55-75%)
Ciprofloxacin (20-40%)
Clarithromycin (42-50%)
Chloramphenicol (60%)
Levofloxacin (50%)
Linezolid (31%)
Moxifloxacin (30-50%)
Nitrofurantoin (40%)
Benzylpenicillin
[Penicillin-G] (65%)
Piperacillin (30%)
Piperacillin/tazobactam
(30/30%) [130]
Sulfamethoxazole (68%)
Ticarcillin (55%)
Trimethoprim (45%)
Vancomycin (30-60%)
Voriconazole (58%)

Ampicillin (15-25%)
Cefepime (16-19%)
Ceftaroline (20%) [133]
Ceftazidime/Avibactam
(<10%/6-8%) [131]
Ceftazidime (17%)
Ceftobiprole (22%)
Ceftolozane/Tazobactam
(16-21%/30%) [129]
Cefpirome (9%)
Colistin (<10%)
Doripenem (8%)
Ethambutol (20-30%)
Fluconazole (11-12%)
Fosfomycin (0%)
Gentamycin (<30%)
Imipenem (20%)
Isoniazide (0-10%)
Meropenem (2%)
Metronidazole (<20%)
Norfloxacin (10-15%)
Polymyxin B (<10%)
Quinupristin/dalfopristin
(11-26%)

Tobramycin (<30%)

Adapted from Uldemolins et al. [27] with permission from Springer International Publishing AG (2011)
aUnless references specified in bracket after a drug, all protein binding data reproduced from

Ulldemolins et al. [27]

°90% bound to «;-acid glycoprotein
“30% bound to «;-acid glycoprotein

healthy subjects; studies were included only if unbound concentrations were mea-
sured, as opposed to being estimated. Table 5.3 provides a classification of antimi-
crobials according to their published values of albumin binding.

5.5.1 Beta-Lactams

With a few exceptions, the beta-lactam family of time-dependent antimicrobials
(fT > MIC) have low to moderate protein binding (Table 5.3). Based on the follow-
ing studies, we recommend alternative dosing and administration strategies be con-
sidered to increase drug exposure in critically ill patients.
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Penicillins, cephalosporins and monobactams: In a study of burns patients with a
mean serum albumin concentration of 25 = 5 g/L, the V,; and CL of the unbound
fraction of the cephalosporin, cephalothin (PPB 55-75%), was shown not to be sub-
stantially affected, compared to that in healthy subjects (Table 5.3) [93]. The lack of
PK alteration was evident despite a 10% decrease in binding even in those patients
with serum albumin concentrations <25 g/L and substantial increases in creatinine
clearance. This study was unique and perhaps not representative, as the unbound
cephalothin PK was related to the elapsed time after injury where hypovolaemia and
cardiac dysfunction were thought to affect drug distribution in the initial phase and
may account for the lack of changes in V,; and CL [27, 94]. Compared to healthy
adults, however, the half-life (#,,) and AUC were increased by 58% and 22%, respec-
tively. This study highlights the fact that the clinical impact of antimicrobial PK
alterations in critically ill patients depends on certain properties, such as extent of
protein binding and renal excretion rate, and these do not necessarily apply to cepha-
lothin, i.e. a moderately bound drug that is partially cleared by biliary excretion.

In contrast, an increased CL has been observed for ceftriaxone, a third-genera-
tion cephalosporin (PPB 83-96%), with dose-dependent saturation of binding sites
resulting in higher unbound concentrations at higher doses [2, 39]. Joynt et al. [2]
demonstrated that following a 2 g dose of ceftriaxone once-daily in patients with
hypoalbuminaemia, increased V; and CL led to failure of PD attainment of both
total and unbound concentrations in four of eight patients with normal renal func-
tion for the entire dosing interval, and in another three for a substantial part thereof.
This has also been supported by other PK studies [58, 74, 95] (refer to Table 5.1).

Schleibinger et al. [15] also published PK data for total and unbound ceftriaxone
in a cohort of critically ill patients where, compared to healthy subjects, the total
ceftriaxone V; and CL increased by 98% and 60%, respectively, in 6 of 17 patients
with normal renal function (Table 5.1). Despite this, all but one patient (with normal
renal function) in the cohort (n = 17) showed unbound trough concentrations >2 mg/L
[the European Committee on Antimicrobial Susceptibility Testing (EUCAST) resis-
tance breakpoint for Enterobacteriaceae and Streptococcus pneumoniae], and
>8 mg/L (4x the breakpoint) at the mid-dosing interval. The authors also showed that
among patients with normal bilirubin, those with renal impairment (CLcg<60 mlmin~")
had higher unbound fractions (median 35.9%; interquartile range (IQR) 31.1-44.1%;
n = 9) than patients with normal renal function (19.5%; 14.7-25.1%; n = 7).
Moreover, according to the binding characteristics of ceftriaxone to albumin that was
elucidated by Michaelis—Menten kinetics, the binding curve for plasma from ICU
patients without renal impairment was nearly identical to that of healthy volunteers.
However, both maximal binding capacity and affinity were reduced in patients with
renal impairment, and severely reduced in patients with hyperbilirubinaemia [15].

Alterations of the PK parameters of flucloxacillin, a highly protein bound anti-
staphylococcal agent, (PPB 95-97%) were investigated in hypoalbuminaemic, criti-
cally ill patients. Ulldemolins et al. [70] documented that administration of standard
maintenance doses (2 g) of flucloxacillin (PPB 95-97%) by intermittent infusion
would be likely to result in under-dosing. The authors reported that the total flucloxa-
cillin V; was increased compared with that of healthy adults (Table 5.1) and that 4 h
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after the end of the infusion the unbound concentrations fell below 1 mg/L. In con-
trast for the treatment of methicillin-susceptible Staphylococcus aureus (MSSA),
evidence was provided that a continuous infusion of 8 g/24 h would ensure 100%
target attainment of 50% fT > MIC of 2 mg/L. In contrast to most antibiotics depicted
in Table 5.1, the authors did not observe any substantial changes in total flucloxacillin
CL compared with previous clearance data obtained from healthy subjects [87]. This
was attributed to the fact that flucloxacillin has multiple elimination pathways which
include both glomerular filtration (40%) and non-renal excretion, of which hepatic
metabolism accounts for 30-40% of total clearance [70]. No data are available for
unbound clearance of flucloxacillin in healthy subjects to clarify this further.

Aztreonam PK is also altered as a result of pathophysiological changes in critically
ill patients. In subjects with normal renal and hepatobiliary function, the drug is pri-
marily excreted by renal mechanisms (60-68%); it displays linear kinetics over a wide
dosage range (125-4000 mg) and has serum protein binding of approximately 60%.
In two PK studies, one in patients with thermal injuries [5] and another in patients with
Gram-negative urosepsis [73], aztreonam V; and CL were higher compared to that of
healthy volunteers (Table 5.1). In the burns cohort, the significant increase in aztreo-
nam V, was inversely correlated with serum albumin concentrations [5].

Carbapenems: Ertapenem, in contrast to other carbapenems, displays concentra-
tion-dependent protein binding of 85-95%, thus prolonging its half-life to 4.5 h com-
pared with meropenem (half-life 1.2 h) and allowing for once-daily dosing [27, 86,
96]. In patients with ventilator-associated [4, 97] and hospital-acquired pneumonia
[55] and severe sepsis [3], ertapenem demonstrates a strikingly different PK profile
with much lower C,,,, and AUC, and substantial increases in the major PK determi-
nants, total V, and renal CL, than that observed by Pletz et al. [8§6] and Majumdar et al.
[98] in young, healthy volunteers. Besides a range of different pathophysiological con-
ditions presumed to be present in the four reports, mixed effect modelling indicated
that renal function, expressed as creatinine clearance, may also be responsible for the
observed inter-study variability of ertapenem PK [4, 55]. The profound increases in the
AUC and half-life of unbound ertapenem in hypoalbuminaemic patients compared
with data from healthy adults (Table 5.2) warrants close attention. While the unbound
concentration was less than the PD target of 40% fT>MIC in some critically ill patients
[3, 4], it actually exceeded the target in other cohorts [55, 97]. The clinical relevance of
these findings on dosing or administration strategies is still unknown.

5.5.2 Glycopeptides

Glycopeptides are still widely used for the treatment of serious Gram-positive infec-
tions and include vancomycin (PPB 30-60%) and teicoplanin (PPB 90-95%), both
with binding mostly dependent on serum albumin levels. Vancomycin has a rela-
tively short half-life of 5-6 h. Conversely, in patients without renal insufficiency,
teicoplanin has a much longer half-life of 50 h, thus mandating several loading
doses to expedite attainment of therapeutic steady-state concentrations [99].
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Vancomycin: Vancomycin elimination is almost exclusively via glomerular filtra-
tion [100, 101]. Conflicting studies either report a strong correlation with estimated
CLcr or found a large increase in vancomycin elimination independent of CLg.
Alternative pathways may be contributing to elimination, particularly in burns
patients in whom vancomycin is known to exhibit significant inter-patient variabil-
ity in total clearance [101-103]. This variability occurs as a consequence of a mul-
titude of pathophysiological changes including enhanced renal CL (either due to
increased tubular secretion, increased glomerular filtration, or a combination of
both) during the hypermetabolic phase (>48 h post burn) [94, 104, 105]. Dalton
et al. recently investigated the impact of severe burns on vancomycin in a large
cohort of hypoalbuminaemic patients and demonstrated an increase in total CL and
V4, compared to healthy subjects (Table 5.1) [101]. Fernandez de Gata Garcia et al.
[77] published vancomycin PK data for another large cohort of critically ill patients
in a medical ICU and demonstrated a substantial increase in Vy and a 30% decrease
in CL. Of the 46 patients in the study, 25 had severe sepsis and 16 had septic shock.
A confounding factor was that neither study published alterations of in vivo protein
binding nor did they measure unbound vancomycin concentrations.

Published data on the unbound fraction of vancomycin in critically ill patients
has exhibited significant variability ranging from 45% to 73% [106-110]. In a PK
study of 25 critically ill patients, Kees et al. [106] demonstrated that the unbound
vancomycin level was independent of total concentration and/or albumin concentra-
tion. This unexpected result is contradictory to data that demonstrates that vanco-
mycin is mostly bound to albumin. The dependency of binding on the plasma
protein concentration and the lack of a relationship with total drug concentration is
typical of relatively weakly bound drugs with dissociation constants much larger
than the therapeutic drug concentrations [106, 111]. Conflicting results have also
been published for the correlation between unbound vancomycin and the acute-
phase protein, AAG and immunoglobulin M [107, 112-114].

Optimization of vancomycin dosing regimens in critically ill patients is compli-
cated and highlights the need for individualized dosing to achieve the required PK/
PD target of AUC/MIC >400 [102, 115]. Given the narrow therapeutic range of
vancomycin and the variability of unbound vancomycin, the use of total drug con-
centration to guide dosing may be inappropriate.

Teicoplanin: Teicoplanin is highly bound to serum proteins (mainly albumin),
and the free fraction accounts for 6-12% of its total serum concentration in normal
subjects [116]. In a study of teicoplanin in critically ill surgical patients with a
median albumin concentration of 19 g/L. (range 11-33), an inverse correlation was
found between serum albumin concentration and CL (Table 6.1) [76]. Thus low
serum albumin induces low teicoplanin concentrations in plasma and high total
apparent CL [76]. Such PK alterations related to increases in the unbound teico-
planin concentrations have been confirmed for other critically ill patients with
hypoalbuminaemia (<30.0 g/L) [117]. In a population pharmacokinetic study by
Ogawa et al., involving 65 patients with systemic MRSA infections and albumin
concentrations ranging from 17 to 44 g/L [118], serum albumin concentration cor-
related with the V; of teicoplanin. The impact of hypoalbuminaemia on teicoplanin
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V4 was confirmed by Enokiya et al. [28] in a cohort of hyperglycaemic critically ill
patients (n = 28). In this study, the percentage of glycosylated albumin was signifi-
cantly correlated with the teicoplanin V, (P = 0.031) (see Sect. 5.3). Therefore,
teicoplanin regimens that include high loading doses might be warranted for
patients with hyperglycaemic hypoalbuminaemia, if subtherapeutic serum concen-
trations are to be avoided.

5.5.3 Lipoglycopeptides

The lipoglycopeptides, including daptomycin, oritavancin, dalbavancin and tela-
vancin, are of particular importance in the therapy of Gram-positive pathogens with
reduced susceptibility to vancomycin. All lipoglycopeptides are highly protein
bound (Table 5.3) and display both concentration-dependent protein binding and
concentration-dependent bacterial killing.

Daptomycin: Daptomycin has a PPB of 90-93% (of which 60% is bound to albu-
min and 30% to AAG) and is primarily eliminated by the kidneys. A PK study in a
cohort of patients with thermal burn injury found increases in both total CL and V,
[72], compared to data from healthy adults [85]. The authors noted that the C,,,x and
AUC in the burns patients decreased by 44% and 47%, respectively, and concluded
that in burns patients, daptomycin at 10-12 mg/kg of body weight/day would be
required to achieve adequate drug exposures. This result was confirmed by Falcone
etal. [119] in a cohort of critically ill patients with MRSA bacteraemia (Table 5.1).
Higher total daptomycin CL and V, was noted in the subset of patients with normal
renal function (n = 37) which resulted in a lower probability of target attainment and
cumulative fraction of response (CFR) if 6—8 mg/kg was prescribed. The CFR was
>90% for all targets with a dose of 10 mg/kg/day or >750 mg/day [119]. In another
PK study, the same authors established that hypoalbuminaemia, infection acquired
in ICU and failure to achieve a PD target of >666 AUC/MIC were independent risk
factors for a poor patient outcome [120].

These studies support recommendations that higher daptomycin doses (8—10 mg/
kg/day) should be considered in critically ill patients with sepsis [121, 122]. For the
other lipopeptides, dalbavancin (PPB 93%) [27], telavancin (PPB 92-94%) [27] and
oritavancin (PPB 85%) [123], no comparative studies in critically ill patients are
available, but based on PK data for daptomycin the new lipopeptides may also be
affected by hypoalbuminaemia.

5.5.4 Oxazolidinones

Yagi et al. [81] evaluated the variability in plasma levels of unbound linezolid (PPB
31%), its relationship to susceptibility of MRSA, as well as to the variation of PK/
PD parameters associated with efficacy (AUC/MIC and fAUC/MIC) in critically ill
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patients. The percentage of bound linezolid in hypoalbuminaemic (median, 15.5%)
patients was significantly lower than that in non-hypoalbuminaemic patients
(28.0%) (P = 0.024). As a result of variable unbound concentrations, failure to
achieve an AUC/MIC >80-120 and/or fAUC/MIC >51 (the levels associated with
efficacy) was documented for 2 of 20 of the critically ill patients. Based on this
study and others [6, 7], individualized dosing of linezolid might be of benefit to
critically ill patients.

5.5.5 Antifungals

Van Straelen et al. [82] recently investigated the impact of hypoalbuminaemia
(<35 g/L) on voriconazole PK in adult intensive care unit patients (n = 13). This
study reported higher unbound voriconazole concentrations with decreasing albu-
min concentrations [82, 83]. The correlation was more pronounced in the presence
of elevated bilirubin concentrations. Voriconazole has non-linear pharmacokinet-
ics, with elevated unbound drug concentration in plasma not rapidly metabolized
and eliminated. This is likely to occur as a consequence of a “saturated metabo-
lism” and the fact that only 2% of voriconazole is excreted unchanged in urine [83,
124]. Therefore, equilibrium between protein binding and metabolism cannot take
place or it occurs slowly. This may lead to an increased risk of toxicity without
achieving adequate therapeutic targets, despite total voriconazole concentrations
remaining within the reference range [82, 125]. Selecting an adequate dose of vori-
conazole using therapeutic drug monitoring (TDM), preferably by measurement of
unbound drug, with consideration of the drugs variable pharmacokinetics, particu-
larly in patients with hypoalbuminaemia, may be preferable. The use of TDM in
optimizing exposure to voriconazole has recently been confirmed in a randomized,
controlled trial which demonstrated improved outcomes for patients [126].

5.5.6 New Antimicrobials

Pharmacokinetic analysis of unbound concentrations in hypoalbuminaemic patients
of the following antimicrobials have not been performed. These drugs are in devel-
opment, are in Phase 2—4 trials, or have been only recently registered. Where PPB
have been published, these have been incorporated in Table 5.3.

5.5.6.1 Second-Generation B-Lactam-B-Lactamase Inhibitors
Ceftolozane/tazobactam. Ceftolozane, which is structurally similar to ceftazidime,

provides bacteriocidal activity to extended spectrum beta-lactamase producing
Enterobacteriaceae and multidrug-resistant (MDR) Pseudomonas aeruginosa,
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including carbapenem-resistant isolates [127, 128]. The binding of ceftolozane and
tazobactam to human plasma proteins is 16-21% and 30%, respectively [129].
Piperacillin and tazobactam display similar binding (PPB 30% and 30%, respec-
tively), and it was found that the protein binding is unaffected by the presence of the
other compound [130]. This may be similar for this new beta-lactam/beta-lactamase
combination.

Ceftazidime/avibactam. Avibactam is a novel semi-synthetic non-beta-lactam
(diazabicyclooctane)/beta-lactamase inhibitor with in vitro activity against selected
carbapenemase producing Enterobacteriaceae (CPE), e.g. Klebsiella pneumoniae
carbapenemase (KPC) and oxacillinases-48 (OXA-48) [127, 128]. Less than 10%
of ceftazidime is protein bound and the degree of protein binding is independent of
the concentration. The binding of avibactam to human plasma proteins is also very
low (5.7-8.2%) and is similar across the range of concentrations tested in vitro (0.5—
50 mg/L) [131].

Aztreonam/avibactam. Combining avibactam to aztreonam (PPB 60%) extends
the in vitro activity to include metallo-beta-lactamase producing Enterobacteriaceae,
e.g. New Delhi metallo-beta-lactamase (NDM) and Verona integron-encoded
metallo-beta-lactamase (VIM) [127, 128].

Imipenem/relebactam (MK-7655). Relebactam, another non-beta-lactam (diaz-
abicyclooctane)/beta-lactamase inhibitor, has a structure similar to that of avibac-
tam except for the addition of a piperidine ring. In combination with imipenem
(PPB 20%), relebactam is highly active against KPC and imipenem-non-susceptible
P. aeruginosa [127, 128].

Meropenem/RPX2009. RPX2009 is a novel boronic acid-based beta-lactamase
inhibitor. RPX2009 can inhibit class A beta-lactamases, mainly KPC enzymes and
most AmpC beta-lactamases. Carbavance®, the combination of RPX2009 and
meropenem (PPB 2%), is thus active against selected CPE and cefepime-resistant
Enterobacter cloacae that hyperproduce AmpC [132].

Cephalosporins. The average binding of ceftaroline fosamil to human plasma
proteins is approximately 20% and decreases slightly with increasing concentra-
tions over 1-50 mg/mL (14.5-28.0%) [133].

Oxazolidinones. Tedizolid (formerly torezolid) (TR-700) is the active moiety of
the prodrug tedizolid phosphate ([TP] TR-701), a second-generation oxazolidinone.
Tedizolid has a 4- to 16-fold greater potency than linezolid against Gram-positive
species, including MRSA. Protein binding of tedizolid to human plasma proteins is
70-90% [134]. Radezolid (RX-1741) is the first biaryloxazolidinone in clinical
development. It shows improved activity, including against linezolid-resistant
strains, and is also highly protein bound (PPB 97%).

Aminoglycosides. PK properties of plazomicin were recently determined in two
randomized clinical trials in healthy individuals. These studies found a linear and
dose-proportional PK profile, good penetration into the epithelial-lining fluid, and,
compared to older aminoglycosides, no evidence of side effects relating to renal or
auditory function [127]. Plazomicin has a chemical structure similar to that of tradi-
tional aminoglycosides (amikacin, tobramycin and gentamicin), and the Vj is likely
to be affected by the hydrophilicity of the compound. Plazomicin is structurally
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distinguished from traditional aminoglycosides by an unsaturated hydroxyethyl tail
and an amino group in the gentamicin ring [128].

Fluorocycline. Eravacycline is a novel fluorocycline, highly active against Gram-
positive and Gram-negative pathogens in vitro, including those that are tetracycline
resistant and MDR [135]. Eravacycline has wide extravascular tissue distribution (3.2—
15 L/kg) and exhibits substantial tissue binding. The PPB rather similar to tigecycline
ranges from 41 to 89% [135].

Fluoroquinolones. Delafloxacin is a promising 8-chloro-fluoroquinolone with
activity against Gram-negative pathogens, similar to levofloxacin and ciprofloxacin,
but more active against quinolone-resistant Gram-positive pathogens (including
MRSA, streptococci and enterococci) [127, 128]. Finafloxacin is an 8-cyano-fluoro-
quinolone that is similar to delafloxacin, but characteristically is more active against
anaerobic pathogens when compared to moxifloxacin [128].

5.6 Conclusions

Critically ill patients with hypoalbuminaemia have variable and different PK pro-
files to healthy volunteers or patients that are less severely ill. Dosing regimens
based on studies performed in healthy volunteers or non-critically ill patients may
result in drug accumulation (e.g. voriconazole), with risk for toxicity due to a pro-
longed half-life. Or conversely, may contribute to subtherapeutic unbound concen-
trations, due to increased V; and/or CL associated with decreased protein binding,
particularly with highly bound antimicrobials [2—4, 28, 70, 72, 76]. Frequently in
critically ill patients, multiple conditions beyond hypoalbuminaemia are present and
may influence PK concurrently. This may exacerbate the challenge of interpreting
PK studies to predict whether concentrations achieved can ensure good clinical out-
comes in critically ill patients.

The clinical consequences of PK alterations experienced by critically ill patients
may not necessarily be significant. Optimal bacteriological and clinical outcomes
depend mostly on three archetypical properties of each drug, namely, the magni-
tude of protein binding, CL;, and the rate of renal excretion [9]. The implications of
subtherapeutic antimicrobial concentrations due to hypoalbuminaemia and the
monitoring of unbound concentrations need to be clarified to ascertain well defined
therapeutic regimens for critically ill patients during drug development. The funda-
mental tenet that should apply is that dosing regimens should be based on PK data
derived from patients whose severity of disease is comparable to that of the patients
to be treated. Based on the uncertainty of predicting protein binding and the impact
on PK, direct measurement of unbound antibiotic concentrations should be pre-
ferred [79, 136]. As antimicrobial stewardship evolves, the use of antibiotic dose-
optimization strategies is likely to become the standard of care, particularly for
critically ill patients, in order to negate the consequences of hypoalbuminaemia for
moderate and highly bound antimicrobials [137, 138].
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Chapter 6
Acute Kidney Injury and Renal
Replacement Therapy

Gordon Y.S. Choi and Gavin M. Joynt

6.1 Definition of Acute Kidney Injury (AKI)

For the purposes of risk stratification, renal failure has been defined functionally,
and the term acute kidney injury (AKI) coined to describe progressive grades of
functional abnormality. AKI of varying grades, in the presence of sepsis requiring
antibacterial therapy is common in critically ill patients. AKI has been defined as a
rapid decline in glomerular filtration rate (GFR) that occurs over hours and days. It
corresponds with a rapid decrease in renal excretory function and the accumulation
of products of nitrogen metabolism such as creatinine and urea, and other unmea-
sured waste products [1]. The term AKI is a consensus based, graded definition
developed by the Acute Dialysis Quality Initiative (ADQI) group in 2004 [2], and
the grading classification, under the acronym RIFLE were modified and improved
by the Acute Kidney Injury Network (AKIN), which included the ADQI group, in
2007 [3-5]. The RIFLE classification is divided into three levels of renal dysfunc-
tion and two levels of clinical outcome: “Loss” and “End-stage kidney disease.” The
AKIN criteria proposed refinements to the RIFLE criteria by the introduction of a
smaller change in serum creatinine (>26.5 pmol/L) as a threshold to define the pres-
ence of AKI and identify patients with Stage 1 AKI (analogous to RIFLE-Risk). In
addition, changes in serum creatinine are determined within a time window of 48 h
instead of referring to a baseline value. Finally, any patients receiving renal
replacement therapy (RRT) are to be classified as Stage 3 AKI (RIFLE-Failure).
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More recently, the Kidney Disease: Improving Global Outcomes (KDIGO) AKI
Workgroup proposed a modified definition, harmonizing differences between the
RIFLE and AKIN definitions [6]. No individual definition provides a consistently
advantageous level of risk stratification. A summary of definitions is provided in
Table 6.1.

The presence of renal failure contributes to altered antibacterial PK behavior by
a number of mechanisms. Renal protein loss and competition for protein binding
sites by unexcreted toxins may result in increased free fraction of antibacterial
agents [7]. Reduced creatinine clearance is important for antibiotics substantially
excreted via the renal route. Thus, accurate estimations of creatinine clearance and
corresponding antibacterial clearance is necessary. Formulae that estimate creati-
nine clearance from serum creatinine are generally inadequate for this purpose [8].
We recommend direct measurement, for example, 8-h creatinine clearance, as the
most viable and accurate method [9].

Table 6.1 Current definitions of renal failure based on function. Criteria are to be applied after an
optimal state of hydration is achieved, and criterion that leads to the worst classification should be
used

Definition
Classification | for AKI Stage | Serum creatinine Urine output
RIFLE An increase| Risk | To >1.5 times baseline Less than 0.5 mL/kg/h
in SCr for more than 6 h
=50% Injury | To >2 times baseline Less than 0.5 mL/kg/h
within for more than 12 h
7 days Failure | To >3 times baseline or >0.5 mg/, Less than 0.3 mL/kg/h
dL (>44 pmol/L) increase to at | for 24 h or anuria for
least 4.0 mg/dL (>354 pmol/L) |12h
AKIN An increase | I Increase of >0.3 mg/dL Less than 0.5 mL/kg/h
in SCr (>26.5 pmol/L) or to 1.5-2 times| for more than 6 h
within 48 h baseline
1T To >2-3 times baseline Less than 0.5 mL/kg/h
for more than 12 h
1 To >3 times baseline or >0.5 mg/| Less than 0.3 mL/kg/h
dL (>44 pmol/L) increase to at | for 24 h or anuria for
least 4.0 mg/dL (>354 pmol/L) or| 12 h
initiation of RRT
KDIGO An increase | 1 Increase in SCr >0.3 mg/dL Less than 0.5 mL/kg/h
in SCr (>26.5 pmol/L) within 48 h, or | for more than 6 h
within 48 h to 1.5-1.9 times baseline
or 250% |2 To 2.0-2.9 times baseline Less than 0.5 mL/kg/h
within for more than 12 h
7 days 3 To 3.0 times baseline or to at Less than 0.3 mL/kg/h
least 4.0 mg/dL (>354 pmol/L) | for 24 h or anuria for
or initiation of RRT 12h

AKI acute kidney injury, Scr serum creatinine, RRT renal replacement therapy
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6.2 Epidemiology, Outcome, and Management
of Sepsis and AKI

AKI has a hospital prevalence of 1.9% [10] but is more common in critically ill
patients, and the prevalence of AKI rises to 40% at the time of admission to the
intensive care unit (ICU) if sepsis is present [11]. Of patients in the ICU who develop
new AKI, sepsis, and septic shock has been reported to be the likely cause in
11-50% of cases [12—14]. The incidence of AKI increases with increasing severity
of sepsis, from approximately 19% in patients with moderate sepsis to 23% and
51% in those with severe sepsis and septic shock, respectively [15]. Conversely, the
prevalence of sepsis amongst patients with AKI has been reported by two indepen-
dent international multicenter studies; sepsis or septic shock occurring in 40.7% and
47.5% of the AKI patients, respectively [16, 17].

Mortality in patients with sepsis-associated AKI appears high. The BEST Kidney
investigators reported a 70% overall hospital mortality in patients with septic AKI
[12] and prognosis of AKI worsened with increasing age and severity of illness, use
of vasoactive drugs, and mechanical ventilation [17]. Moreover, septic AKI patients
had a longer duration of stay in both ICU and hospital than non-septic AKI patients
[12]. In the same retrospective analysis of 120,000 patients described above, septic
AKI was associated with significantly higher covariate adjusted ICU (OR 1.60, 95%
CI 1.5-1.7) and hospital mortality (OR 1.53, 95% CI 1.46-1.60), compared with
non-septic AKI [11].

The management of established severe sepsis and the varying degrees of AKI has
important implications for antibacterial dosing. Treatment is based on initial resus-
citation, maintenance of hemodynamic parameters, timely administration of anti-
bacterial agents and source control, while supporting the failing organs and restoring
the patient’s homeostasis. Accordingly, the administrations of an effective intrave-
nous antibacterial agent within the first hour of recognition of severe sepsis with or
without shock are Grade 1C and 1B recommendations, respectively [18].

The use of renal replacement therapy (RRT) remains the mainstay of supportive
therapy in patients with severe AKI. Timing of initiation of RRT remains controver-
sial [19-22]. Nevertheless, RRT is often commenced when preventive and medical
strategies have clearly failed to correct the underlying laboratory abnormalities with
the aim to correct metabolic derangements, fluid overload, and to optimize the
administration of fluids including medications, blood products, and nutrition.

Three fundamental forms of RRT are available: continuous, intermittent (either
as intermittent hemodialysis (IHD) or sustained low-efficiency dialysis (SLED)),
and peritoneal dialysis. Except in developing countries, the use of peritoneal dialy-
sis is limited in the intensive care setting. The use of continuous renal replacement
therapy (CRRT) for hemodynamically unstable patients is a Grade 2B recommen-
dation according to the KDIGO guideline and is most commonly used worldwide
[23]. This approach is supported by a small number of studies suggesting that con-
tinuous therapy might provide a greater benefit in terms of renal recovery [24-27].



104 G.Y.S. Choi and G.M. Joynt

The use of a hybrid form of RRT—sustained low-efficiency dialysis (SLED),
also known as slow low-efficiency dialysis and extended daily dialysis is moderate
intensity dialysis, often with a component of filtration, applied over a period of
6—12 h daily. The method is gaining some popularity. It has advantanges over other
forms of IHD in terms of achieving comparable hemodynamic stability with CRRT
[28], low anticoagulant requirements, lower cost, and improved patient mobility
[29, 30]. However, resultant clearance is inconsistent and highly variable over short
periods.

Although the options for performing RRT remain numerous, based on the epide-
miological data from BEST and AKI-EPI, CRRT still remains the predominant
mode of RRT used worldwide [16, 17].

6.3 Sepsis and Inflammatory Response: Effects
on Pharmacokinetic Parameters

The inflammatory response associated with sepsis involves a complex interaction
that involves cytokine and mediator release, endothelial damage, and changes in
capillary permeability. The acute phase response is also associated with a rapid
decrease in serum albumin concentration. In addition, systemic pH, heparin, free
fatty acids, and drugs such as salicylate and sulfonamide may act as competitive
displacers for drug binding [31]. Fluid shifts result in large extravascular, interstitial
fluid accumulation [32]. In addition, therapeutic intervention contributes to total
body fluid accumulation as a consequence of the infusion of a large volume of
resuscitation fluid. Consequently, in the critically ill, hydrophilic antibacterials
(e.g., aminoglycosides, beta-lactams, and glycopeptides) demonstrate a large
increase in volume of distribution (V) [33—38]. By contrast, lipophilic antibacteri-
als (e.g., fluoroquinolones) have an inherently larger V; that is often not greatly
affected by the inflammatory response and therapeutic interventions [39]. Although
the V, is generally expected to increase in the critically ill, this change is consistent
only for certain antibacterials in those with AKI. Specifically, the V, of amikacin is
considerably higher in critically patients with severe sepsis and burns who develop
AKI requiring the need of CRRT [40, 41]. For the beta-lactam group, the V, of
pipercillin/tazobactam, ceftriaxone, and ceftazidime is increased in patients with
AKI with CRRT when compared to the general group of critically ill patients [42—
45]. However, the V, for cefepime is similar in the critically and non-critically ill
[44, 46]. For the glycopeptide—vancomycin, despite a Vj in the critically ill that is
nearly twice that of the general population (1.68 vs. 0.4—1 L/kg) [47, 48], the V, in
patients with AKI and CRRT is similar if not somewhat lower than expected 0.32—
0.74 L/kg [49, 50]. The Vj of ciprofloxacin is unpredictable and is generally high in
non-critically ill patients [51], critically ill patients [52, 53], and those with AKI
needing CRRT [54-56]. Therefore, when formulating an individualized dosing
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regimen, it is important that actual pharmacokinetic data, relevant to the specific
antibacterial agent, is used, rather than making assumptions that broad groups of
antibacterials behave similarly. The most accurate possible knowledge of Vj is criti-
cal for determining the loading dose of the chosen antibacterial with accuracy.

The physiological response of patients with infection is markedly heterogeneous,
and organ failure, with an associated increase in mortality, is a common accompani-
ment of severe sepsis [18]. Until terminal hemodynamic collapse, the cardiac out in
sepsis is generally high [57]. Thus in early sepsis, the glomerular filtration rate
(GFR) is frequently increased, both by sepsis and by therapeutic interventions. The
combination of hemodynamic alterations, together with fluid resuscitation, and the
use of vasopressors as part of the management of sepsis leads to an increase in car-
diac output [58, 59]. Increased cardiac output leads to increased renal blood flow
and has been shown to be associated with increased glomerular filtration pressure
and consequently an increased GFR. This augmented renal clearance (ARC) has
consequences for antibacterial dosing [60].

However, should the sepsis response persist, progression to septic shock and
multiple organ dysfunction syndrome (MODS) will develop. The definitive mecha-
nisms resulting in septic AKI are yet to be elucidated. It is clear that renal dysfunc-
tion does not result from systemic hypoperfusion and ischemia alone [61, 62], but is
more likely the result of renal inflammation and tubular responses to sepsis media-
tors [63, 64]. Septic AKI is associated with reduced GFR and elimination of filtered
substances, including many antibacterials. Thus, individualized dosing regimes are
necessary to ensure adequate therapeutic, but nontoxic antimicrobial exposure in
patients with septic AKI.

The changes in the excretory function of the native kidneys are further compli-
cated by the use of RRT to maintain homeostasis. Thus, a thorough understanding
of the principles of RRT is also essential to advise dosing during the maintenance
phase of the dosing regimen.

6.4 Goal of Antibacterial Administration

The goal of antibacterial administration is to rapidly attain therapeutic blood con-
centrations, based on an in vitro minimum inhibitory concentration (MIC), suffi-
cient to kill the offending pathogen(s) [65-68]. Underdosing may result in decreased
bacterial killing, failure of clinical resolution and increased resistance, while over-
dosing may result in toxicity [69].

In addition, understanding the relationship between the pharmacokinetic and
pharmacodynamic properties of a chosen antibacterial is important to determine the
optimal dosing regimen. Important pharmacodynamic parameters to consider are
time above MIC, peak concentration (C,.), and the area under the serum
concentration-time curve (AUC).
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6.5 Achieving an Optimal Pharmacokinetic (PK)-
Pharmacodynamics (PD) Relationships

For antibacterial agents that exhibit time-dependent killing (e.g., beta-lactams),
maximal bacterial eradication is related to the time for which the serum concentra-
tion is above a threshold concentration: MIC (%7 > MIC). Recommended concen-
trations range from 1 to 5 times MIC [70] for 40-100% of the dosing interval [71].
Using extended or continuous infusions should be superior to maximize time above
the threshold concentration without unnecessarily high peak concentrations
[72-76].

For concentration-dependent antibacterials (e.g., aminoglycosides), maximizing
the C,,..x, between 8 and 10 times higher than the minimum inhibitory concentration
(MIC) of the causative pathogen (C,,.,/MIC 8-10) [70, 77], is likely to result in
maximal bacterial killing. Clinically, maintaining a fixed dosage with a prolonged
dosing interval not only increases the efficacy of the treatment but also minimizes
toxicity [77-79].

For antibacterials with both time and concentration-dependent killing character-
istics (e.g., vancomycin and fluoroquinolones), achieving a sufficient ratio of the
area under the concentration-time curve during a 24 h period (AUC24) to MIC
(AUC 24/MIC) is required to optimize killing activity [§0-82].

6.6 Basic Principles of Continuous Renal Replacement
Therapy (CRRT)

In the critically ill, CRRT is the most common modality of RRT [16, 17]. Rapid
fluid and electrolyte shifts in hemodynamically unstable patients are avoided and
control of patient fluid balance is more precise than with traditional intermittent
hemodialysis (IHD). CRRT is usually performed through a double lumen venous
catheter situated in a large (usually femoral or internal jugular) vein, either as con-
tinuous venovenous hemofiltration (CVVH), continuous venovenous hemodialysis
(CVVHD), or a combination of the two, continuous venovenous hemodiafiltration
(CVVHDF) [83-85].

CVVH uses a predominantly hydrostatic pressure gradient to drag solute along
with water across a filter membrane to achieve clearance by the principle of convec-
tion. Replacement fluid can be added to the circuit either before blood reaches the
membrane (predilution) or after passage over the filter membrane (postdilution).
Similarly to traditional THD, CVVHD uses the principle of diffusion across a
membrane to provide clearance of solute. This is achieved by generating a continu-
ous concentration gradient using counter-current flow of blood and dialysate fluid,
between which equilibration occurs. A combination of the two above techniques at
the same time is known as CVVHDE.
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6.6.1 Hemofiltration

Most commonly used antibacterials, including larger molecules such as vancomy-
cin (1448 Da) and teicoplanin (1878 Da), are small enough that convective transport
across commonly used modern membranes (pore sized 10,000-30,000 Da) is unim-
peded [86, 87]. The ability of a solute (including antibacterials) to pass through the
membrane is expressed as the sieving coefficient (S.): the ratio of drug concentra-
tion in the ultrafiltrate to plasma.

In general, the S, ranges from O to 1. The relatively small size of antibacterial
agents means that protein binding (PB) is the main determinant of S.. It has been
suggested that the S, can be estimated from published values of PB, such that
S. =1 —PB, and measured S, and S, estimated from published values of protein bind-
ing are correlated [88]. However, because protein binding in the critically ill is vari-
able, the S. can vary widely for the same antimicrobial agent [54, 89-91]. Furthermore,
the S. may also be affected by membrane material and flux properties [92].

Replacement fluid can be added to the circuit either before the filter (predilution)
or after (postdilution). In postdilution mode, solute clearance simply depends on
ultrafiltration rate and S, such that:

Clyvn (post) =0, XS,

In predilution mode, the plasma entering the hemofilter is diluted by replacement
fluid and antimicrobial clearance will be lowered by a correction factor (CF) deter-
mined by blood flow rate (Qy) and predilution replacement rate (Q,.,). Thus,

Cleyyy (pre) = Q; xS, XCF, whereCF=0, /0, +0,,

The point of dilution is only likely to be significant if the rate of fluid replace-
ment is high. The proportion of predilution may influence the S.. For example, the
S, for vancomycin steadily decreases as the proportion of predilution increases, with

higher clearances observed at a predilution:postdilution ratio of 1:2 when compared
to the predilution mode [93].

6.6.2 Hemodialysis

Equilibration across the filter membrane is dependent on the interaction between
drug molecular weight, blood flow, and dialysate flow. As the dialysate flow rate in
CVVHD and CVVHDF is relatively low compared with blood flow rate [94], neither
blood flow nor molecular size (for the same reasons as above) are important factors
in clearance of most commonly used antibacterial agents. The ability of a solute to
diffuse through the filter membrane is expressed as the saturation coefficient (Sy):

_ [Drug]dialysate
~ [Drug]plasma
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Similarly to S, protein binding is the main determinant of S,. It is membrane
specific and ranges in value from O to 1. In usual practice, as blood flow rate is so
much greater than dialysate flow, complete saturation is likely to occur and antibac-
terial clearance is effectively dependent on dialysate flow rate (Qg4) and Sg:

Cleyyup =04 XS,

6.6.3 Hemodidfiltration

Hemodiafiltration combines both convection and diffusion clearance to eliminate
solutes. In general, drug clearance in CVVHDF may be estimated as:

Clevyipr = (Qf +0, ) X8,

Although the two processes interact and simple addition of each component
potentially leads to an overestimation of total clearance, the clinical relevance is
unclear [86]. Interestingly, CVVHDF has shown to provide greater clearance than
predilution CVVH with equivalent effluent (ultrafiltrate plus dialysate) flow [95].
For both CVVHD and CVVHDF, the estimation of Sy may be affected by protein
binding, membrane material, and flux properties.

From these equations it can be seen that the main determinants of elimination by
CRRT are sieving or saturation coefficient and effluent flow rate (ultrafiltration rate,
dialysate flow rate, or the two combined). Antimicrobial S, and S, are closely related
to the unbound protein fraction and acute phase changes in plasma protein concen-
trations are common in critical illness, affecting both S, and S,. Therefore, it is essen-
tial that the S, and S used for antibacterial dosing estimation should be based from
actual studies with substantially similar categories of critically ill patients. In addi-
tion, operating parameters (i.e., filter membrane type) should be similar. A summary
of the different modes of CRRT and clearance calculations are outlined in Table 6.2.

Table 6.2 Calculated Mode of CRRT Calculation of CRRT clearance
clearance based on the _
different CRRT modalities CVVH (post) Clevva (post) = Os x 5
CVVH (pre) Cleyv (pre) = O X Se X (Qy/Qy + Orep)
CVVHD Cleyvip = Qu X Sq
CVVHDF Clevyapr = (Qr + Q) X Sy

CLcyvn (post), clearance from continuous venovenous hemofiltra-
tion using postfilter hemodilution; Qy, ultrafiltrate rate; S, sieving
coefficient; CLcyyy (pre), clearance from continuous venovenous
hemofiltration using prefilter hemodilution; Oy, blood flow rate;
O, predilution replacement rate; CLcyvyp, dialysate flow rate; Sy,
saturation coefficient; CLcyyypr, clearance from continuous veno-
venous hemodiafiltration
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Unfortunately, CRRT is not a single modality applied in a uniform way. Variations
in type of filter material, blood flow rate, pre- or postdilution fluid replacement, and
effluent flow rate settings could result in substantially different antibacterial phar-
macokinetics [96-98]. Furthermore, CRRT is frequently not continuous but is inter-
rupted for technical reasons and to transport patients for imaging or surgery and
delivered clearance may be considerably lower than prescribed. Thus, dosing of
antibacterials should take these variables into account.

6.7 Individualized Dosing Based on First Principles
(in Patients Receiving CRRT)

A number of factors contribute to altered antibiotic efficacy in this patient popula-
tion, such as changes in V, the killing characteristics of the antibiotic, the MIC of
the target organism, changes in non-CRRT clearance, the effluent rate (depending
on the different CRRT modality), and saturation or sieving coefficient, as well as the
fact that these coefficients may change with acute phase changes in plasma protein
concentrations [23]. As a result, it is not surprising that rigid, protocol-based dosing
results in a large proportion of patients being either under or overdosed [99-101].
Even adjustments based only on estimated or measured renal clearance are likely to
be inadequate and there have been several calls for the development of methods of
individualized dosing [101-104].

We, therefore, recommend a method of individualized antibacterial dosing based
on first principles.

Following administration of a drug, the initial fall in concentration is due to the
distribution of the drug through the various body compartments. The extent of this
distribution is reflected by the V. The antibacterial loading dose should therefore be
based on the appropriate V, for critically ill patients. Thereafter falls in concentra-
tion are predominantly dependent on fofal clearance—total clearance being the sum
of CRRT clearance, residual renal clearance, and non-renal non-CRRT clearance in
a critically ill patient.

Our recommendation is to base the initial dose on the published V; of each spe-
cific antibiotic in critically ill patients, and the target concentration of that antibacte-
rial (Fig. 6.1) as dosing that does not take into account changes in V4 will frequently
lead to low initial serum concentrations [44]. The target blood concentration is
based on the MIC of the suspected organism, indicative local MIC data, or pub-
lished breakpoint data for the organism published by international bodies such as
European Committee on Antimicrobial Susceptibility Testing—EUCAST (www.
eucast.org).

While V, determines the initial or loading dose, subsequent dosing is determined
by total drug clearance. In patients with oliguric AKI, total drug clearance is the
sum of CRRT clearance, residual renal clearance, and non-renal non-CRRT clear-
ance (e.g., hepatic clearance). In general, drugs with a high V, (>1 L/kg) and high
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| Loading dose = Desired concentration x Vq* |

l

| Calculate CRRT clearance based on mode of CRRT, formulae in text and values* |

]

| Total clearance (Cl. ) = calculated CRRT clearance + residual renal clearance + non-renal non-CRRT clearance |

ot

Pharmacokinetic
target?

CrnaxMICratio Time above threshold CpaMIC and AUC,:MIC
concentration
Calculate half-life Elimination rate= Calculate target mean
=0.693xVy/Cl concentration x Cl, concentration
“" = target AUC, /24
Calculate time to reach Calculate dosing interval
target trough concentration = Dose/(Cpx Clyy)
Repeat loading dose at Maintenance infusion rate= Repeat loading dose at
calculated time elimination rate calculated dosing interval

Fig. 6.1 Calculation of intravenous antibacterial doses based on first principles. CRRT, continu-
ous renal replacement therapy; C,,.x, maximum postdistribution plasma concentration; MIC, mini-
mum inhibitory concentration; AUC24, area under concentration-time curve over 24 h; V;, volume
of distribution; C,, target plasma concentration. (Asterisk) Data obtained from website: http:/
www.aic.cuhk.edu.hk/web8/PK_data.htm

protein binding (>80%) are poorly eliminated by CRRT as the plasma concentration
of drug available for filtration is low relative to the amount of antibacterial in the
body [105]. This has led to the recommendation of reduced supplemental dosing of
these drugs [106]. Nevertheless, this recommendation should be considered with
caution. For example, for the lipophilic fluoroquinolones, such as ciprofloxacin and
levofloxacin, Vs are large (>1.5 L/kg), but renal clearance still accounts for >70%
of total clearance [107, 108]. As V, does not change, elimination half-life of both
drugs will approach that of normal healthy volunteers when ultrafiltration and/or
dialysate flow rates are high, obviating the need for reduced dosing [89]. For differ-
ent reasons, some antibacterials with high protein binding will have an increased V;
as a result of reduced protein concentrations in the critically ill. This also leads to
increased elimination by CRRT (and native kidneys) because of the increase in the
free fraction of the drug. Appropriately adjusted CRRT clearance can be determined
from the equations given above, assuming appropriate Sy and S, are chosen.

For residual renal clearance, creatinine clearance should be measured. There is a
risk of underdosing for agents with important tubular secretion or overdosing for
drugs with tubular reabsorption although this is likely to be of limited clinical rele-
vance [78].
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Non-renal, non-CRRT clearance, for example, hepatic clearance may be variable
depending on the degree of underlying organ failure and severity of illness [109,
110]. Dosing should also take into account the effect of hepatic failure. For exam-
ple, the half-life of ciprofloxacin was increased in renal failure, but this was greatly
exacerbated by additional hepatic failure [56]. Alternative elimination pathways
such as transintestinal excretion (e.g., for ciprofloxacin) may represent compensa-
tory mechanisms that also prevent accumulation in patients with renal failure [56].
Quantitative or at least qualitative evaluation of hepatic function should therefore be
considered prior to formulating an antibacterial dosing regimen, in particular for
agents with multiple routes of clearance (e.g., ciprofloxacin and meropenem).

Further examples of antibacterial dosing utilizing the principles outlined above
are illustrated in Figs. 6.2 and 6.3.

Loading dose=Desired concentration x V(33 I)
Desired concentration = 8 x MIC = 32 mg/I
Loading dose = 32 x 33 y » 1000 mg
¥
Calculate CRRT clearance based on mode of CRRT, formulae in text and values from data*

Cloyyhpr (Post) = (Q+ Qqg) x Sg= 2100 x 0.62 = 1302 ml/h » 21.7 ml/min

l

Total clearance (Cl,,) =calculated CRRT clearance + residual renal clearance + non-renal non-CRRT clearance
=21.7 + 23 = 44.7 ml/min

Pharmacokinetic
target?
C,ax:MICratio

Time above threshold C,ox:MIC and AUC,:MIC
concentration

Calculate half-life Not relevant
=0.693 xV / Cl, = 0.693 x 33000/45 Not relevant
=508 min~8.5h
y !

Calculate time to reach target trough concentration
Assuming target trough <1 mg/l it will take 5 half lives
for concentration to drop from 32 mg/l to target trough
» 425 h l

Not relevant

¥

Repeat loading dose at
calculated time (after 42.5 h)

Not relevant Not relevant

Fig. 6.2 Calculation of amikacin dose for empirical non-enterobacteriaceae (with MIC of 4 mg/L)
nosocomial sepsis for a 70-kg patient with anuric acute renal failure on continuous venovenous
hemodiafiltration using an AN69 filter and with targeted total effluent of 30 mL/kg/h. Note that
figures are included for illustrative purposes. Dose prescribed should also take into account the risk
of toxicity and may need to be reduced to comply with dose range approved by regulatory authori-
ties. A formula for dose calculation for bolus dosing is given in the text. Cl,,, total clearance; C,,,
maximum postdistribution plasma concentration; MIC, minimum inhibitory concentration;
AUC24, area under concentration-time curve over 24 h; CRRT, continuous renal replacement
therapy; O, ultrafiltrate flow rate; Q,, dialysate flow rate; Sy, saturation coefficient; Cleyyy, clear-
ance by continuous venovenous hemofiltration; Vg, volume of distribution; Cleyyypr clearance by
continuous venovenous hemodiafiltration. (Asterisk) Data obtained from website: http://www.aic.
cuhk.edu.hk/web8/PK_data.htm
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Loading dose=Desired concentration x Vq (28 I)
Desired concentration = 5 x MIC = 20 mg/|
Loading dose = 20 x 28 » 500 mg
¥
Calculate CRRT clearance based on mode of CRRT, formulae in text and values from data *

Clgyyy (Post) = Qx S, =2100 x 0.95 = 1995 ml/h = 33 ml/min

!

Total clearance (Cl,,,) =calculated CRRT clearance + residual renal clearance + non-renal non-CRRT clearance
=33 + 60 = 93 ml/min = 0.09 I/min

Pharmacokinetic
target?

Crax:MIC ratio Time above threshold C...cMIC and AUC,:MIC
concentration

Elimination rate=
Not relevant concentration x Cl, =
20 x 0.09 = 1.8 mg/min

! I

Not relevant Not relevant

l l

Maintenance infusion rate=

Not relevant elimination rate= Not relevant
1.8 mg/min

Not relevant

* Data obtained from website: http://www.aic.cuhk.edu.hk/web8/PK_data.htm

Fig. 6.3 Calculation of dose of meropenem for empirical non-enterobacteriaceae/enterobacteria-
ceae (with MIC of 4 mg/L) nosocomial sepsis for a 70-kg patient with anuric acute renal failure on
continuous venovenous hemofiltration (postdilution) using AN69 0.9 m? filter with a targeted ultra-
filtration rate of 30 mL kg h. Note that figures are included for illustrative purposes. Note that
figures are included for illustrative purposes. Dose prescribed should also take into account the risk
of toxicity and may need to be reduced to comply with dose range approved by regulatory authori-
ties. A formula for dose calculation for bolus dosing is given in the text. Cl,,, total clearance; C,,,
maximum postdistribution plasma concentration; MIC, minimum inhibitory concentration;
AUC24, area under concentration-time curve over 24 h; CRRT, continuous renal replacement
therapy; Q; ultrafiltrate flow rate; Q, dialysate flow rate; S, saturation coefficient; Cleyyy, clear-
ance by continuous venovenous hemofiltration; V,, volume of distribution; Clcyyypr, clearance by
continuous venovenous hemodiafiltration. (Asterisk) Data obtained from website: http://www.aic.
cuhk.edu.hk/web8/PK_data.htm

6.8 Critique of Currently Available Dosage Regimes in AKI

Details of published recommendations (Table 6.3) and their limitations for antibac-
terial dosing in critically ill patients have been previously summarized [112]. In
brief, dosing regimes derived from either downward adjustment from healthy indi-
viduals or upward titration from chronic renal failure with adjustments based pri-
marily on creatinine clearance are unlikely to result in consistently appropriate
blood concentrations of antimicrobial agents in the critically ill [31, 111]. Doses
recommended for anuric patients may also not achieve the appropriate PK-PD tar-
gets as a result of the changes in PK parameters expected in the critically ill. In
addition, the optimal PK-PD target requires knowledge of the usual MIC of the
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Table 6.3 Alternative equations to calculate dosing based on the modality of CRRT
Methods | Authors Formula Mode of CRRT
1 Schetz et al. [111] De e All modes
- Cl.
Cl,. +Cl +Cl;
2 Bugge [31] CVVHDF
1
D=Dx(P, +(1—PX))—C CRut
ClCRn
3 Schetz et al. [111] Cl.. + (UFR xS ) CVVH
D — DN NR c
Cly
4 Golper and Marx [88] D=CssxUBFxUFR xI CVVH

C,,, measured blood concentration at steady state; Clayur, drug clearance in anuric patient; Clcg,,
normal creatinine clearance; Clcg,, sum of renal and extracorporeal creatinine clearance; Clgc,
extracorporeal clearance; Cly, normal total drug clearance; Clyg, non-renal clearance; Clg, renal
clearance; D, recommended dose for anuric patients, Dy, dose recommended for patients with
normal renal function; /, dosing interval; P,, extrarenal clearance fraction (=Clynur/Cly); UBF
unbound fraction, UFR ultrafiltration rate

suspected pathogen in the prescribing clinician’s locality, and no previous dosing
recommendation adjusts for this parameter. Furthermore, the assumption that S, or
S, can be accurately estimated from data on protein binding [88] obtained from non-
critically ill patients is likely to be inaccurate as these coefficients change with
changes in plasma protein concentrations and binding capacity in the critically ill.

6.9 A Proposed Individualized Dosing Regime for Patients
Receiving CRRT, Based on First Principles

We recommend individualized antibacterial dosing should be based on a dataset
derived from published data in the critically ill receiving CRRT. The patient’s dose
should thus be derived from a dataset chosen by matching as far as possible the
severity of illness, organ failure, and modes of support used. A selection of datasets
from which to choose relevant PK data is available from our website (http:/www.
aic.cuhk.edu.hk/web8/PK_data.htm). This section is best understood if read with
reference to the examples in Figs. 6.1, 6.2, and 6.3.

The loading dose is calculated using the published V; of the specific antibacterial
agent derived from a population of critically ill patients receiving CRRT. The
desired blood concentration of the antibiotic is dependent on the MIC of the target
organism(s). This information is sourced from the laboratory reported MIC, local
MIC data accumulated within the ICU, or appropriate published clinical break-
points, such as those published by EUCAST.
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The maintenance dose is based on an estimate of total clearance, which is the
sum of CRRT clearance, residual renal clearance, and non-renal non-CRRT clear-
ance. Data selected (i.e., S, and S;) used to determine CRRT clearance should be
from published data, where the operational characteristics such as blood flow rate,
point of dilution of replacement fluid, and membrane material are as close to the
individual patient’s therapy as possible. Residual renal clearance should be deter-
mined by timed creatinine clearance, rather than formula-based estimation, and
non-renal non-CRRT clearance should also be based on published data derived from
critically ill patients receiving CRRT.

There are limitations to these recommendations. Firstly, for simplicity, the for-
mula recommended for the calculation of the half-life is based on a single compart-
ment and is therefore not strictly accurate. Second, continuous intravenous infusion
of antibacterials with time-dependent killing characteristics is recommended because
dose estimation is much simpler and evidence demonstrates better PK-PD target
attainment in critically ill patients with [44, 45] and without RRT [113]. Thirdly,
both residual renal clearance and non-renal non-CRRT clearance need to be
accounted for. Thus, measurement of timed creatinine clearance is preferentially
required, as estimations based on serum creatinine are inaccurate in critically ill
patients [8]. This is of particular importance if CRRT is being employed early, before
anuria, or during the recovery phase of oliguric/anuric AKI, for indications other
than for AKI, such as maintenance of fluid control in massive blood transfusion,
dysnatremia, temperature dysregulation, and toxin removal. Dosing should also take
into account the effect of concomitant renal and hepatic failure. This is of particular
importance for antibacterials with multiple routes of elimination, such as ciprofloxa-
cin and meropenem. Actual values for non-renal non-CRRT clearance in critically ill
patients are available [55, 56, 97, 114] and should be utilized as part of determina-
tion of total clearance. S, and Sy may be derived for the individual patient from
measured blood and effluent antimicrobial concentrations, but this capability is often
not available for many commonly used agents or information is delayed. Reliance on
published values from the critical care literature is a reasonable alternative.

Maintenance antibacterial doses are required to be amended whenever CRRT
doses are altered (resulting in a change in effluent flow rate), or when the delivered
dose of CRRT differs substantially from the prescribed dose. Lastly, the calculated
dose may result in administration of very large doses, depending on the exact phar-
macokinetic target chosen (e.g., Cp,,,/ MIC or %T >MIC) and the MIC. It is impor-
tant that these doses are prescribed with due consideration of the risks of toxicity
and may require consideration of the possibility that using another agent with a
more favorable risk: benefit ratio as a preferable clinical choice. Where no suitable
alternative exists it may be prudent to restrict doses to those approved by regulatory
authorities. It is interesting to note that other authors have used a more aggressive
regimen of dosing with antibacterials such as daptomycin in the healthy individual
[115] and colistin in the critically ill [116], without apparently increasing the risk of
toxicity.

The approach to individualized dosing described above, like all other dose
adjustments for CRRT, has not been formally validated. Nevertheless, other authors
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have advocated similar approaches, and recent data provide some supportive evi-
dence [117-119] for this, by demonstrating a strong association between blood con-
centrations and effluent rate. In an in vitro model, Yamamoto et al. found that the
ratio of predicted clearance (based on measurement of unbound fraction and efflu-
ent rate) to actual clearance ranged from 0.67 to 1.5 [119]. Beumier et al. found that
serum concentrations of meropenem, ceftazidime, cefepime, and piperacillin-
tazobactam were correlated with effluent rate when an unadjusted dosing regimen
for patients were given to a group of septic patients requiring CRRT [99]. Similarly,
effluent rate has been shown to be associated with doripenem clearance [120],
piperacillin clearance [121] and vancomycin serum concentration [122]. Jamal
et al. systematically reviewed the literature and demonstrated that CRRT clearance
of meropenem, piperacillin-tazobactam, and vancomycin is associated with the
effluent rate [123]. In some cases quoted above, CRRT clearance was derived from
the equations given above and therefore CRRT clearance and effluent rate would
have been mathematically coupled. However, not all current data supports the rela-
tionship between effluent rate and clearance. Roberts et al. found that trough con-
centrations of meropenem, piperacillin-tazobactam, vancomycin, and ciprofloxacin
were not associated with effluent rate [100]. However, in this investigation, the dose
of antibacterial given was at the discretion of the treating clinicians who may have
taken the effluent rate into account, thus directly influencing the trough concentra-
tion despite the different effluent rates reported in the study. Udy et al. also found
there was no relationship between vancomycin clearance and CRRT effluent rate,
based on population pharmacokinetic analysis, suggesting the presence of multiple
confounders influencing antibacterial prescription [124].

6.10 Intermittent Hemodialysis Techniques
and Antibacterial Dosing

Several factors make antimicrobial dose optimization in patients requiring IHD
difficult. These include the intermittent nature of dialysis, the high clearance rate
for very short periods (2-5 h), rapid fluid removal, and the interaction of the timing
of antibacterial dosing and the dialysis period [125]. While guidelines for the
adjustment of antimicrobial dosage in patients requiring IHD are ubiquitous, the
optimization of antimicrobial dosing in critically ill patients receiving IHD has
received less attention than dosing associated with the use of continuous modes.
Guidelines for IHD dose adjustments generally assume a thrice weekly HD expo-
sure of 3—4 h duration as typically utilized in non-critically ill, chronic renal failure
patients [126]. It is thus necessary to make intuitive adjustments to account for
expected PK changes induced by critical illness. Recommendations also inconsis-
tently stipulate that additional doses, or dose timing be adjusted to coincide with
the end of dialysis sessions. The authors recommend that whenever possible, thera-
peutic drug monitoring (TDM) should be considered when IHD is utilized in criti-
cally ill patients.
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In particular, there is an increased risk of antibacterial underdosage during
SLED, especially during the second half of the extended dialysis session [127].
Dosing during SLED is likely to be more difficult than in continuous forms of RRT
because of the large variation in clearance on and off SLED [125], with a period of
high antimicrobial clearance (around 75 mL/min) alternating with no dialysis. It
has therefore been recommended that institutions who utilize SLED should estab-
lish their own dosing guidelines to ensure delivery of antibacterials at adequate
concentrations [128]. Antibacterials that are likely to require adjusted dosing are
those that have a small molecular size, high water solubility, low protein binding,
and are substantially dependent on renal clearance. The clinical use of SLED has,
until now, been limited to only a relatively small number of centers, and conse-
quently pharmacokinetic data to guide the establishment of guidelines in critically
ill patients receiving SLED is limited. More data to guide dosing of antimicrobial
agents is urgently needed to allow optimization of dosage when SLED is utilized,
and once again, point of care TDM may offer the best solution for optimized
dosage.

6.11 Therapeutic Drug Monitoring

The individualized antibacterial dosing regimes proposed in this chapter are based
on first principles taking into account the optimal PK-PD goals. While it is possible
to use published data in critically ill patients and calculations of CRRT clearance to
improve dosing, considerable risk of inaccuracy remains. For example, the V; of
many antibacterials may vary considerably between individual patients, as may
sieving and saturation coefficients. The magnitude of change is dependent on illness
severity that fluctuates with time. Furthermore, changes in hepatic or gastrointesti-
nal function, which are difficult to monitor clinically, may result in changes in non-
renal non-CRRT clearance.

The use of therapeutic drug monitoring may be useful to adjust dosing regimes
and adjust for individual patient variation. Currently, TDM is focused on a few anti-
bacterials with emphasis on the prevention of toxicity (e.g., aminoglycoside trough
concentration monitoring), with empirical adjustment by the clinician. To be suc-
cessful from a therapeutic perspective, patient selection, sampling time, assay meth-
ods, and dose adjustment strategies need to be individualized for different classes of
antibacterials [129]. To overcome the inherent inaccuracy in empirical clinician
adjustments, future use should combine therapeutic drug monitoring with sophisti-
cated population-based pharmacokinetic models, which take into account critical
illness and the variability described above to generate more appropriate individual-
ized antibacterial dosing regimes [130]. Studies to develop population PK models
based on data from critically ill patients with AKI are currently underway [131].
Presently, only a limited number of ICUs utilize TDM routinely as a comprehensive
therapeutic strategy [132].
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6.12 Conclusion

Both AKI and sepsis are common in the critically ill, with the prevalence of AKI
increasing in association with increasing severity of sepsis; the combination result-
ing in a high mortality rate. Recent agreed consensus definitions of AKI will facili-
tate the standardization of epidemiological and outcome studies to delineate optimal
therapies in this special group of critically ill patients. While the pathophysiological
mechanism of sepsis-induced AKI is yet to be completely elucidated, it is now
thought that inflammation, microcirculatory dysfunction, and tubular cell adapta-
tion to injury are the more common pathways involved. Recognition of AKI is
important as it must be accompanied by measurement of creatinine clearance to
facilitate appropriate antibacterial dosing. Similarly, awareness of the increased
incidence of augmented renal clearance in subgroups of patients (e.g., resuscitated
trauma, major surgical and burns patients) should lead to appropriate measurement
of creatinine clearance and dose adjustment.

Timely administration of appropriately chosen antibacterial agents and optimal
dosage combine to improve patient outcomes. In the critically ill, sepsis and/or AKI
are associated with marked physiological alterations that are often associated with
unrecognized pharmacokinetic changes. A thorough understanding of pharmacoki-
netic principles and organ function in the critically ill is required to guide appropri-
ate dosing.

Although controversy exists regarding the optimal timing and mode of renal
replacement therapy, continuous modes of renal replacement therapy are predomi-
nantly employed worldwide. However, CRRT is not a single modality and variabil-
ity in practice leading to markedly different clearance may exist between and within
the same institution and even the same patient.

The use of TDM informed by population-based PK data in critically ill patients
offers further promise for the optimization of antibacterial dosing. Future directions
should include the conduct of large-scale studies of AKI patients receiving CRRT
with the development of pharmacokinetic models that can be used to generate opti-
mized dosing applications.
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Chapter 7
Augmented Renal Clearance

Joao Pedro Baptista

7.1 Introduction

Renal clearance is the process by which the kidneys eliminate circulating metabo-
lites, toxins, waste products, and drugs. This involves filtration, secretion, and reab-
sorption. Along with the liver, the kidneys constitute a key organ in human body
homeostasis. From a physiological point of view, renal clearance is the volume of
plasma from which a substance is completely removed by the kidney in a given
amount of time. This process affects predominantly hydrophilic substances, as is the
case for most antibiotics.

These drugs are crucial to the successful treatment of sepsis and septic shock in
the intensive care unit (ICU). However, critically ill patients are different from those
encountered in a ward setting. Critical illness and its therapies often induce pro-
found pathophysiological changes, contributing to inadequate antibiotic therapy.
Hypoalbuminaemia, expansion of the volume of distribution (Vy), tissue hypoperfu-
sion, organ dysfunction, use of vasoactive drugs, and the co-existence of renal
replacement or extracorporeal membrane oxygenation therapies are among the most
important factors. Renal dysfunction is common in critical care settings, and is often
a focus for clinicians. Indeed, the converse—supra-normal function of the kidneys
is infrequently considered.
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This chapter will focus on the key aspects of the concept, diagnosis, pathophysi-
ology, epidemiology, and clinical implications of augmented renal clearance (ARC)
in the critically ill patient.

7.2 Definition of Augmented Renal Clearance

According to Udy et al. [1], ARC is defined as the enhanced renal elimination of
circulating solutes as compared with an expected baseline. However, to date, there
is no standard accepted definition of an accurate cut-off value to define ARC and
there are several reasons for this. First, although the clinical recognition of ARC is
by all means not recent [2], it was only in the last few years that a considerable
amount of medical literature emerged reporting the features of ARC in the criti-
cally ill. Second, the “normal” values of glomerular filtration rate (GFR) physio-
logically decline with age, depend on sex, race, and body surface area, and show
important variation within normal individuals. Third, different groups of investiga-
tors have used varying cut-offs to define ARC, between 120 and 160 mL/
min/1.73 m? Finally, several methods have been used to measure or estimate the
GFR, leading to significant heterogeneity in the results, and difficulties in interpre-
tation and comparison.

The concept of ARC is likely more dynamic, representing the changeable physi-
ology encountered when the body reacts to an acute severe disease or medical inter-
vention (e.g., severe brain injury or intravenous fluid challenge, respectively),
provided that renal reserve is preserved. The quantification of renal function, and
its implications for antibiotic drug dosing is by far more important, that the restric-
tive qualitative classification based on the presence or absence of ARC (Fig. 7.1).

Fig. 7.1 The full spectrum of renal dysfunction—be aware
of both under and over-function of kidneys

CLEARANCE-METER
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In this respect, GFR values at the upper limit of normal (120 mL/min/1.73 m?) have
also been associated to suboptimal levels of some antibiotics [3, 4], exposing
patients to under-treatment, potentially poor outcomes and emergence of bacterial
resistances.

From a practical point of view, the cut-off value of 130 mL/min/1.73 m? has
several advantages, namely: (a) it represents, with reliability, the upper limit of nor-
mal renal physiology for the majority of healthy persons [5]; (b) renal clearance of
creatinine greater than 130 mL/min/1.73 m? has been linked to sub-therapeutic
serum concentrations of several antibiotics [6—11]; and (c) there is a growing
amount of clinical studies which have used this cut-off, which provides good meth-
odological consistency. This value should be adapted for the female gender, proba-
bly by the same factor used in several estimates—10% less, corresponding to
120 mL/min/1.73 m?. However, some issues need clarification, such as the influence
of race, the rate of decline with age, and the standardization of the method of mea-
surement, as each may imply a different threshold value.

7.3 Identification of the Critically Ill Patient with ARC

The evaluation of renal function is essential in the critical setting, aiming to prevent
and diagnose any deviation from “normality”, and providing useful clinical infor-
mation concerning specific treatments and drug dosing adjustments. GFR is the
best overall measure of kidney function [12], and it is essential to identify patients
with ARC.

The gold standard for determining GFR is the measurement of the renal clear-
ance of inulin [13]. More convenient and simpler methods are available, such as the
administration of iothalamate, iohexol, diethethylenetriaminopenta-acetic acid
(DTPA), or ethylenediamine tetraacetic acid (EDTA); however, these tests are not
suitable for use in daily clinical practice.

Serum creatinine concentrations are a commonly used surrogate of renal func-
tion; however, they are an insensitive marker of the GFR. Though some reliability
lies in the stable patient, this is untrue within the context of the unstable patient,
even outside the ICU. On the contrary, by definition the critically ill patient is not
stable, and the information provided by isolated values of serum creatinine in these
patients is poor and potentially dangerous: on the one hand, they are not always
useful in the timely and accurate diagnosis of acute kidney injury, and on the other,
are unable to identify ARC. Although elevated levels of serum creatinine identify
patients with renal failure, the inverse is not true. The majority of patients with ARC
show contemporaneous levels of serum creatinine within the normal range.

Some authors have described a “non-invasive” method for identifying ARC,
through the biochemical analysis of urine, where the combination of creatininuria
higher than 45 mg/L and patient’s age below 65-years-old allows the identification
of patients with ARC with significant accuracy (78%) and specificity (88%) [14].
Another group of researchers developed an ARC scoring system based on three risk
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factors: age below 51 years, trauma as the ICU admission diagnosis, and a modified
SOFA score below 5. The accuracy of this combined ARC score was 89% [15].
Both methods can be useful to screen patients with ARC in ICUs where the mea-
surement of renal clearance is still not established. In addition, in theory they can be
combined; however, a confirmatory diagnostic test is typically needed.

Several methods use mathematical equations based on the serum creatinine con-
centration to estimate GFR. These calculations are suitable and validated for the
evaluation of renal function in patients with chronic but stable kidney diseases.
Nonetheless, knowing that the serum creatinine level is not reliable in the critically
ill patient, and that it does not accurately reflect renal function, estimation of GFR
based on these equations e.g. Cockroft—-Gault (CG), Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI), and Modification of Diet in Renal Disease
Study (MDRD) formulae—is flawed, and is not recommended in the critical care
setting with fluctuating renal function [16-21].

Despite this, the use of mathematical estimates continues to be the standard tool
for evaluation of renal function and drug adjustment calculations in many ICUs
around the world, and in addition they are frequently used in clinical research. In a
point prevalence, single-day, prospective study of 919 patients in 42 ICUs in Spain,
Herrera-Gutierrez et al. reported that the method used for estimating GFR was
serum creatinine in 36.6%, measured creatinine clearance in 41.5% and equations in
22% [22].

Taking into account simplicity, availability, costs, and feasibility, a measured uri-
nary creatinine clearance (CLcR) should be considered the single most accessible bed-
side parameter providing information on the potential pharmacokinetic (PK)
implications of dynamic changes in renal function in the critically ill. In addition, it is
the best method to screen patients for ARC [17]. This can be easily accomplished in
the ICU, using continuous urine collections (via an indwelling catheter) of 2, 6, 8, 12,
or 24 h.

Nevertheless, some limitations should be observed regarding CLcg. Firstly, it is
not a “gold-standard” for the assessment of GFR [12]. Secondly, the assessment of
GFR is difficult in non-steady states and frequently changing volume status in criti-
cally ill patients [23]. Thirdly, overestimation of true GFR can occur with this mea-
sure (10-20% higher), related to tubular secretion of creatinine, albeit this difference
will be more significant at lower GFR values [24]. Finally, the bias can be intro-
duced if the urinary collection is not performed accurately.

7.4 Physiopathology of ARC

The specific pathophysiology of ARC is far from being fully understood and mul-
tiple factors contribute to the development of this condition (Fig. 7.2). Based on
current knowledge, we can divide contributing factors into two categories: endoge-
nous and exogenous.
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Fig. 7.2 A contextual framework for the pathogenesis of ARC, dividing causal agents of ARC in
two categories: endogenous and exogenous. ARC augmented renal clearance, SIRS systemic
inflammatory response syndrome, GFR glomerular filtration rate, ANP atrial natriuretic peptide

7.4.1 Endogenous Factors

In the critically ill, extreme physiological stress is applied, regardless of the under-
lying aetiology. Sepsis, trauma, burns, pancreatitis, autoimmune diseases, and major
surgery, among others, are all prone to inciting an inflammatory and hypermetabolic
state which, results in broad and profound changes in organ function, including the
kidneys. This “storm of mediators” induces changes in the cardiovascular system,
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namely a hyperdynamic state, characterized by increased cardiac output and dimin-
ished vascular resistance. Major organ blood flow is increased, including that of the
kidneys, leading to a significant increase in GFR. These effects were demonstrated
in an animal model of hyperdynamic sepsis [25] and are described in burns, post-
surgical, and trauma critically ill patients [15, 26-28], although the correlation
between cardiac index and CLcg was greater in septic patients and absent in the
trauma group [15]. Of note, Udy et al. demonstrated increased sinistrin clearance in
a selected cohort of 20 critically ill patients considered at risk of ARC, with signifi-
cant correlation with CLcR, thus supporting the concept of hyperfiltration in these
patients [27].

Additionally, they demonstrated elevated renal tubular anion secretion, which at
least theoretically, could contribute to enhanced clearance of certain beta-lactams—
known anionic antibiotics [27]. Moreover, it has been known for some time that
hyperaminoacidemia, as a result of catabolism and/or inflammation, stimulates the
secretion of several hormones that increase GFR and renal flow [29]. In addition,
the high levels of CLc could be secondary to the renal response to a protein load.
Finally, increased levels of GFR have been described in pregnant women, obesity,
after nephrectomy, and among patients with essential hypertension and diabetes
mellitus [30-34]. Taking all these factors into account, it seems plausible that the
kidneys are able to recruit physiological reserve when exposed to systemic biologi-
cal stress, such as hyperperfusion, a high protein load, or hyperglycaemia.

Recently, a significant correlation was described between cerebrovascular pressure
reactivity index (as a measure of cerebrovascular reactivity) and estimated creatinine
clearance, in a group of patients with severe traumatic brain injury. These results sug-
gest there may be a physiological link between brain injury and kidney function, with
the possible involvement of mediators, such as atrial natriuretic peptide (ANP) [35, 36].

7.4.2 Exogenous Factors

In the early stages of sepsis with hypotension, aggressive administration of crystal-
loid fluid (30 mL/kg) is recommended, and this strategy can be continued until
haemodynamic improvement occurs [37]. Generalization of this practice in the
critical care setting, including in the non-septic patient, conceivably contributes to
producing a high cardiac index and increased renal blood flow, which in turn leads
to an increase in GFR and urine output [38]. Similarly, the use of vasopressor sup-
port in sepsis is associated with an increase in cardiac output and CLcg [39, 40].
Both therapeutic interventions induce these alterations in the absence of renal
dysfunction.

Diuretics are still commonly used in the treatment critically ill patients; however,
the influence of these drugs on renal function is controversial. Although mannitol
does not seem to affect GFR in normal individuals [41], independent groups of
researchers [42, 43] found that post-surgical patients and severely injured patients
showed an increase in GFR, in the order of between 20 and 26%. Likewise, research
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exploring the effects of frusemide on renal function in healthy volunteers are con-
flicting; data separately demonstrate no effect, a decrease in GFR, and an increase
of GFR [44-46]. As such, the implications of diuretics in terms of ARC remain
uncertain.

7.5 Epidemiology of ARC

Identification of patients at risk of ARC is likely to be helpful in optimizing treat-
ment, particularly when renally eliminated drugs are being employed. However,
data concerning the natural history, incidence, prevalence, risk factors, and implica-
tions of ARC are still scarce. Of note, over the past decade an increasing amount of
epidemiological data has identified certain clinical characteristics associated with
ARC. Currently, the absence of clear and well-defined criteria for ARC hampers the
interpretation of these data.

7.5.1 Prevalence of ARC

Previous studies have shown that ARC is a frequent condition in the critical care
setting; however, there are only few large-scale epidemiological data available
(Table 7.1).

Table 7.1 Selected epidemiological data from recent studies investigating ARC (modified by
author from “Baptista JP, Udy AA: Augmented renal clearance in critical illness: “The Elephant in
the ICU’? Minerva Anestesiol. 2015. 81(10):1050-2")

ICU Urine time| ARC
patients | Measurements| ARC criteria | collection | incidence
Year | First author | Country (n) (n) (mL/m) (h) (%)
2016 | Baptista Portugal 477 4271 >130 8 33
2015 | De Waele | Belgium 1081 4472 >130 24 55.8
2015 | Ruiz France 360 360 >130 24 33
2014 | Campassi | Brazil 363 363 >120 24 28
2014 | Baptista Portugal 54 644 >130 8 55.6
2014 | Udy Australia, | 281 1660 >130 8 65.1
Portugal,
Malaysia,
Hong-Kong
2013 | Claus Belgium 128 599 >130 24 51.6
2013 | Udy Australia |71 213 >130 2 57.7
2012 | Lautrette | France 32 224 >140 24 47
2012 | Grootaert | Belgium 1317 4019 >120 24 41

ICU Intensive care unit, ARC augmented renal clearance; /4 hours
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De Waele et al. performed a single-centre retrospective cohort study of 1081 ICU
patients during a period of 15 months [47], generating 4472 ICU patient-days for
evaluation. They found that more than 50% of the patients had at least one episode
of ARC during their ICU stay, and the incidence per 100 patient-days was 36.6
episodes; in addition, 32.8% of these patients manifest ARC throughout their ICU
stay [47]. Similarly, although primarily designed to evaluate the accuracy of mathe-
matical estimates of renal function in critically ill patients, an observational, retro-
spective, single-centre study was performed by Grootaert et al. in a cohort of 1317
patients, providing 4019 measured 24 h—CL¢ [18], showing an ARC incidence of
41%. A prospective observational study by Ruiz et al. [48] described an incidence of
33% in a population of 360 consecutive critically ill patients, with normal serum
creatinine concentrations. Recently, Baptista et al. conducted an observational retro-
spective single-centre study in a large population of critically ill patients with normal
plasma creatinine concentrations—477 patients within the period of 1 year, corre-
sponding to 4271 measurements [49]. This study concluded that ARC was a frequent
condition, which was identified in 33% of the admission days. Udy et al. conducted
a multicentre, multinational, prospective, observational study in 281 critically ill
patients without evidence of renal impairment [50], and concluded that nearly 65%
showed ARC on at least one occasion in the first week of ICU admission.

Smaller studies in different countries have reported a significant prevalence of
ARC, with values of 17.9 and 25% on ICU admission [51, 52], 39, 51.6, 55.6, 57.7,
and 85% over the ICU length of stay [15, 21, 53-55] and 30—47% during the first
week in ICU [51, 52].

ARC is therefore common in the critically ill, with a not insignificant prevalence,
and underlies why this phenomenon has been described as a “devil in disguise” [56]
or the “elephant in the ICU” [57], particularly in that, despite its ubiquity, ARC is
often overlooked by clinicians.

7.5.2 Gender and Age

Studies focusing on the influence of gender on ARC are scarce. Nevertheless, the
current available data coherently shows that the incidence of this condition is higher
inmales [15, 49, 50, 53, 58]. Similarly, different groups of researchers conclude that
younger patients exhibit more ARC more frequently [4, 15, 48-51, 53, 59-61].

Men have, physiologically, higher rates of GFR [5] and show higher renal vascu-
lar resistance; thus, this gender difference can persist even in hyperfiltration status.
One possible explanation for this difference is the distinct production of and sensi-
tivity to vasoactive substances that influence renal vascular resistance [62].

As mentioned earlier, the influence of age fits into the concept of “renal reserve”,
which is higher in younger people by virtue of better glomerular preservation and
function. It was only very recently that studies addressing the issue of ARC in children
have been published. In 2015, De Cock et al. reported the augmented renal clearance
of amoxicillin-clavulanic acid in 50 paediatric critically ill patients [63]. The authors
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concluded that renal function was a significant covariate on amoxicillin-clavulanic
acid clearance and that ARC could be the cause of the sub-therapeutic concentrations
observed. More recently, another group of researchers [64] performed an observa-
tional study on 109 children (>1 year) who received vancomycin therapy. These
authors found globally elevated values of (estimated) glomerular filtration, which
were even higher in the group of 21 patients with febrile neutropenia, compared to the
remainder (182.0 vs. 156.2 mL/min/1.73 m?, p < 0.05), in addition to the increased
renal clearance of vancomycin (0.151 vs. 0.119 L/h/kg, p < 0.05). It should be noted
that febrile neutropenia was the unique independent risk factor for ARC (defined here
as an estimated GFR > 160 mL/min/1.73 m?).

7.5.3 Patient Populations

Previous studies recognized ARC as a frequent condition in selected populations of
critically ill patients.

Victims of severe multi-trauma, namely when associated with trauma brain injury
(TBI), seem to be at increased risk of developing ARC. In an observational small
cohort study [54], in patients receiving active treatment for the optimization of cere-
bral perfusion, Udy et al. reported that ARC was a very frequent occurrence (85%).
Similarly, in an observational study aimed at investigating renal and cardiac perfor-
mance in patients with isolated TBI [36], the authors founded very significant aug-
mented CLcg measures, with median values of 201 mL/min on the first day of the
study. Minville et al. [58] retrospectively studied 284 patients in a mixed ICU, evaluat-
ing 24 h—CLc within two distinct groups: non-trauma and multi-trauma patients.
Notably, despite the fact that no significant differences were found between serum
creatinine concentrations between the groups, a significant difference existed in regard
to measured 24 h—CLcg: 85 vs. 131 mL/min/1.73 m?, respectively. Other groups [15,
28, 49-51, 65, 66] found similar results, reporting increased measured CLcR in pri-
marily multi-trauma, post-surgical or TBI patients. An important fact is that in two of
these studies [15, 49], trauma was identified as a risk factor for ARC in a multivariate
analysis model, strengthening the validity of these epidemiological data.

Patients with non-traumatic sub-arachnoid haemorrhage (SAH) are another sub-
group of critically ill patients who are likely to demonstrate ARC. Recently, a pro-
spective single-centre study performed by May et al. [67] evaluated 20 consecutive
patients with new aneurysmal SAH. They demonstrated that ARC was present in all
20 patients, with a mean 24 h—CLcy value of 325 + 135 mL/min/1.73 m?. The cohort
was predominately made up of women and was relatively young, which may par-
tially explain the remarkable prevalence (100%) in this population, in addition to
the proposed link between ARC and cerebrovascular autoregulation [35, 67].
Significantly, the authors did not find a difference in 24 h—CL between patients
receiving, or not receiving, hyperdynamic therapy to treat cerebral vasospasm [67].
High values of CL¢ were also frequently observed in 32 consecutive ICU patients
admitted with community-acquired meningitis [52].
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Patients with major burns are also at risk of manifesting ARC. Interestingly,
probably the first clinical description of very high values of CLcr was performed in
1978 by Loirat et al. in a group of 20 patients with burn injury [2]; the average CLcg
was 172 + 48 mL/min/1.73 m? and 13 patients showed values above 200 mL/
min/1.73 m? Recently, Conil et al. prospectively studied 36 adult patients with burn
injury (all with normal serum creatinine concentrations) and found 42% (15 patients)
had a CLg above 120 mL/min/1.73 m? [68]. Increased catabolism, a hyperdynamic
circulation, frequent episodes of sepsis, vasopressor support, and a generally young
population, all contribute to the high prevalence of ARC in this subgroup of patients.

Studies involving patients with sepsis illustrate the high prevalence of ARC in
the critically ill. Although the majority of these reports were not designed as epide-
miological studies, each included a diverse case-mix of medical, neurologic, trauma,
non-trauma, and post-surgical critically ill patients. In these studies [6, 7, 10, 52, 53,
59, 60, 69, 70], ARC was noted to have a prevalence of between 40 and 79%.

Patients with haematological malignancies and febrile neutropenia are also at
risk of manifesting ARC, as suboptimal levels of meropenem and glycopeptides
have been described [64, 71-74]. However, each study included patients with severe
sepsis, who were mostly young men, generating uncertainty in regard to the role of
the malignancy in the genesis of ARC.

7.5.4 Severity of Disease

Patients in critical care settings with lower illness severity, as reflected by lower
Acute Physiology and Chronic Health Evaluation (APACHE) II scores and/or lower
Sequential Organ Failure Assessment (SOFA) scores, seem to be at greater risk of
developing ARC [4, 15, 60, 61], although this has not been confirmed in all reports
[53]. This interaction may be confounded by age being included in the APACHE
score although the observation that lower SOFA scores are associated with ARC
implies the absence of organ dysfunction as a key factor. Recently, an ARC risk
score based in three factors (age, trauma, and SOFA) and used to define three distinct
categories (low, medium, high) has been described [15]. A subsequent simplification
(reclassification into two categories) was tested [75] and demonstrated a sensitivity
of 100% and specificity of 71%, in accurately identifying patients with ARC.

7.5.5 ARC Outside the ICU

Until recently, ARC was almost exclusively reported in the critical care setting. In
2016, a prospective observational single-centre point prevalence study was con-
ducted in 232 adult non-critically ill surgical patients [76]. This revealed that ARC
was present in 30% of abdominal and 35% of trauma surgery patients, when
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evaluated by means of 8 h—CLc. In addition, these researchers identified younger
age and male gender (specifically in the trauma subgroup) as risk factors for ARC. In
accordance with these results, Hites et al. found, in a pharmacokinetic study of beta-
lactams, that over 25% of 56 non-critically ill septic and obese patients had a 24 h—
CLck above 150 mL/min [9]. Another study [59] previously showed that ARC was
present in 61% (11/18) of a small sample of non-critically ill patients. However, this
was a retrospective study and the CG formulae was used for estimating renal func-
tion; notably, estimated clearance was remarkably high—median of 150.5 mL/
min/1.73 m?.

These findings are in keeping with the more representative results observed in
the critically ill. More importantly, these studies underline that ARC is an underes-
timated diagnosis, even in non-critical care settings. The severity of a disease is a
continuum; thus, it seems logical that severely ill patients, before having absolute
criteria to warrant ICU admission or even those who have never been admitted at an
ICU, can show similar pathophysiology, including an inflammatory systemic
response, hyperdynamic circulation, augmented renal flow, and supra-normal glo-
merular filtration.

7.5.6 ARC and Outcome

Few studies have investigated the link between ARC and outcome. In a prospective,
single-centre, observational study, the relationship between ARC and 30-day mor-
tality was explored in a cohort of 36 critically ill patients without brain lesions or
neurologic disease [77]. This pilot research showed that patients demonstrating
ARC (n =23; 63%), independently of their diagnosis or the presence of sepsis, had
a significantly lower mortality (8.7% vs. 38.5%, p < 0.05). On the contrary, in
another prospective observational study performed in patients in a mixed ICU
receiving antimicrobial therapy, Claus et al. [53] reported that therapeutic failure
was more frequent in the subgroup of ARC patients. Similarly, Falcone et al. [78]
found that critically ill patients with severe sepsis caused by Gram-positive microor-
ganisms and exhibiting augmented renal clearance of daptomycin presented higher
in-hospital mortality (30.7% vs. 10.8%). However, this subset of 13 patients had
higher SOFA scores, a much higher rate of MRSA bacteraemia, severe sepsis, and
septic shock, when compared to the remaining 37 patients. In a prospective, double-
blind, randomized trial involving 272 patients with late-onset ventilator-associated
pneumonia (comparing 7-day doripenem with 10-day imipenem-cilastatin), Kollef
et al. [79] found that clinical cure rates in the subgroup of 46 patients with a
CLck > 150 mL/min, favoured imipenem (28 patients). Finally, another group of
researchers was unable to find an association between ARC and clinical outcome, in
a cohort of 100 critically ill patients [6].

These data suggest an urgent need to conduct additional outcome studies con-
cerning ARC.
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7.6 Clinical Implications of ARC

7.6.1 Assessing Renal Function: More Than Just
Kidney Injury

Clinicians generally assess renal function from a conservative perspective, such that
“normal” renal function is typically inferred from plasma biomarkers (such as cre-
atinine or cystatin C), which are often flawed and/or misleading in the critically ill
[16, 21]; while, the possibility of “supra-normal” clearance is infrequently
considered.

In daily practice, clinicians frequently adjust medication on the basis of impaired
renal function. However, rarely does the same clinicians consider dose adjustment
in patients with ARC. This is principally because most practitioners unfamiliar with
this condition, and routine daily measured CLcy is usually not performed in the
ICU. Instead, clinicians tend to prefer mathematical estimates of renal function,
which are insensitive in identifying critically ill patients with ARC [17]. Taking into
consideration emerging data which suggests a not insignificant prevalence of ARC
in the critically ill, the daily measure of urinary CLR should arguably be more com-
mon in the ICU. Moreover, it is inexpensive, easy to apply, reliable, reproducible,
and both clinically and scientifically useful. Finally, considering existing prevalence
data for ARC (Sect. 7.5.1), at least one in four patients in the ICU without renal
impairment are likely to manifest this phenomenon; and will be exposed to under-
treatment when prescribed standard doses of renally eliminated antibiotics.
Importantly, the pharmaceutical industry and regulators should consider this when
new agents enter clinical practice.

7.6.2 Antibiotics: Drugs with Specific Characteristics

In severe sepsis, control of the primary focus, haemodynamic resuscitation, organ
support, and initial empiric antibiotic therapy are paramount, and any delay will
result in increased morbidity and mortality [80]. Applied to antibiotic therapy, the
proverb indicating “there is only one opportunity to make a first good impression”,
means that an adequate dose of antibiotic must be delivered very early, ideally at
first administration. In addition, in critical care settings, clinicians rely on clinical
feedback to validate the efficacy of therapy. For the majority of drugs used in such
cases, it is possible to perform a rapid, obvious, and easy assessment of the clinical
response of the patient. The use of vasopressors, antihypertensive, diuretics, seda-
tives, antipyretics, and analgesia are classic examples. However, this is not the case
with antibiotics: a favourable clinical response is difficult to assess in the first days
of therapy, even if the treatment is adequate in terms of dosing, spectrum of bacte-
rial cover, and penetration.
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In addition, the emergence of antibiotic resistance correlates with selective pres-
sure as a consequence of using these drugs [8§1-83], even after brief exposure in the
ICU environment [84]. Plus, the prevalence of less susceptible bacteria is higher in
the ICU setting [85]. Moreover, inadequate antibiotic therapy affects not only the
“target” patient but also subsequent patients to be treated, jeopardizing the success
of future treatments and increasing the ecological risk to the hospital and to the
community. While waiting for new agents, the strategy of maximal optimization of
antibiotics must be incorporated into daily clinical practice, in addition to reviving
old antibiotics, such as in the case of fosfomycin and colistin [86]. Indeed, on June
26th 1945, Sir Alexander Fleming (1881-1955) pronounced the following wise
words: “the thoughtless person playing with penicillin is morally responsible for the
death of the man who finally succumbs to infection with the penicillin-resistant
organism. I hope this evil can be averted” [87].

7.6.3 ARC and Beta-Lactams Antibiotics

The beta-lactams (penicillins, cephalosporins, carbapenems, monobactams) are the
most commonly prescribed and studied class of antibiotics, including in the ICU
setting. Most beta-lactam antibiotics show time-dependent pharmacokinetic/phar-
macodynamics (PK/PD), with the duration the free drug concentration exceeds the
minimum inhibitory concentration (f T-yc) being the optimal index associated with
clinical efficacy. In addition, this family of antibiotics exhibit short half-lives, low
volumes of distribution, low to moderate binding to serum proteins, poor or absent
post-antibiotic effect (except for carbapenems) and are predominantly cleared by
the kidney. More specifically, the clearance of this class of antibiotics directly cor-
relates with renal clearance [60, 88-91] and inversely correlates with trough drug
serum concentration [7, 92]. Importantly, increased drug elimination will predomi-
nantly affect the half-life of beta-lactam antibiotics.

Huttner and colleagues [6] performed a single-centre, prospective, observational
study in 100 critically ill septic patients, treated with imipenem, meropenem, piper-
acillin/tazobactam, or cefepime. They concluded that patients with ARC were three
times more likely to have one or more undetectable trough concentrations (odds ratio
of 3.3; confidence interval: 1.1-9.9). In a selected group of 48 critically ill patients
treated with six different beta-lactams, researchers showed that a significant propor-
tion received inadequate dosing even though standard regimens were used [7]; fur-
thermore, using multivariate analysis, a robust relationship was demonstrated between
low trough concentrations and 8 h—CL¢g. In a prospective, observational, PK study
[8], Carlier et al. analysed data from 61 ICU patients receiving treatment with
meropenem or piperacillin-tazobactam administered by extended infusion. They
demonstrated that, in the subset of ARC patients, 76% (22/29) did not reach 100%
f Tonue and 37% (7/19 patients) did not reach 50% f T-yic. In a recent single-centre
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observational study [60], Udy et al. examined the impact of ARC in a convenience
sample of 48 septic critically ill patients receiving piperacillin-tazobactam, 4.5 g four
times a day. They found that a significant proportion of patients (~2/3rds) manifest
inferior drug exposure, when using the MIC at the upper limit of susceptibility
(16 mg/L). Besides low concentrations, these authors demonstrated that the study
cohort had an increased clearance of piperacillin-tazobactam (1.5 x values in healthy
volunteers). Similarly, a post hoc analysis of the DALI study—a prospective, multi-
centre PK point prevalence study performed across 68 ICUs [93]—found that 19%
and 41% of patients did not reach 100% f Toync and 50% f Toye, respectively. Of
note, increased CLcy (using mathematical estimates) was a significant co-factor asso-
ciated with PK/PD target failure [94]. These results are consistent with other analyses
[61], where higher estimated CLcy significantly reduces the probability of the target
attainment. Significantly, the probability of reaching 100% f T.yc decreased by 3%
with every 1 mL/min increase in the estimated CLcg. Another group [95] performed
a prospective randomized controlled study in 32 critically ill patients treated with
piperacillin/tazobactam, investigating the added value of using therapeutic drug mon-
itoring in achieving PK/PD targets. The authors observed that plasma piperacillin
concentrations were significantly lower in patients with ARC when compared to
those without this condition. Finally, Hites et al. demonstrated, in a cohort of 56 non-
critically ill obese patients, that ARC (defined by a 24 h—CLcg > 150 mL/min) was
the only risk factor identified for insufficient serum concentrations of standard doses
of ceftazidime, cefepime, piperacillin/tazobactam, and meropenem [9].

Studies exploring higher than normal doses of beta-lactams are scarce and largely
from single centres [96], or are small case series and case reports [97-99]. Further stud-
ies are urgently needed specifically addressing the optimization of antibiotic dosing in
patients with ARC. This new information should be quickly incorporated into the sum-
mary of product characteristics (SPC) by regulatory authorities and drug developers.
Of note, this is the case for ceftobiprole—a recent new-generation cephalosporin—for
which a recommendation exist in the SPC [100] in order to prolong the infusion time
to 4 h in patients with a supra-normal creatinine clearance (above 150 mL/min).
Similarly, the SPC for doripenem was updated and currently recommends that 1 g
every 8 h, as a 4-h infusion, should be considered in patients with ARC [101]. A new
combination product (ceftazidime with avibactam) has obtained initial authorization
from the European Medicines Agency (EMA); within the assessment report of the
product several, PK considerations are made regarding ARC and sepsis [102].

7.6.4 ARC and Glycopeptides Antibiotics

Vancomycin is the most commonly prescribed glycopeptide in the intensive care
setting and is the most common first-line option for treating resistant Gram-positive
bacteria. Briefly, vancomycin is a hydrophilic antibiotic, with moderate binding to
serum proteins, is mainly excreted by the kidneys, with a low volume of distribu-
tion, long half-life, and a moderate post-antibiotic effect. The best PK/PD index
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associated with clinical efficacy is the ratio between the area under the curve of drug
concentrations over 24 h (AUC, ,,) and the MIC of the bacteria (AUC,_,,/MIC),
ideally exceeding 400 [103, 104]. Like beta-lactams, vancomycin’s body clearance
correlates very well with creatinine clearance, both in critically ill and non-critically
ill patients [105-111].

In the recent past, a growing body of evidence has emerged demonstrating that
standard doses of vancomycin result in suboptimal serum or tissue concentrations in
critically ill patients [4, 10, 26, 59, 64, 106, 112—118]. Of note, the authors of a
secondary analysis from the DALI study [119] concluded that an important propor-
tion of critically ill patients (43%) did not achieve adequate vancomycin exposure,
defined as a trough concentration at least 15 mg/L. Although the reasons for this is
multifactorial, ARC is likely to be a key driver. However, published studies specifi-
cally dedicated to this issue are relatively scarce.

Two contemporaneous studies investigated the relationship between ARC and
vancomycin concentrations in the initial few days of therapy in ICU patients receiv-
ing continuous infusion. Ocampos-Martinez et al. [3] prospectively studied 261
critically ill patients, of which 16% (43 patients) had a 24 h—CLcz higher than
120 mL/min/1.73 m?. ARC was associated with suboptimal serum levels in 84%
during the early phase of treatment with vancomycin (the first 2 days of drug admin-
istration). Consistent with these results, Baptista et al. [10], in a prospective single-
centre study involving 93 ICU patients, demonstrated that the serum concentration
of vancomycin on the first day of treatment had a moderate inverse correlation with
24 h—CLcR and that, in those with ARC, significantly lower levels on the first three
consecutive days of the study were noted. Equally, in another prospective study,
Campassi et al. [4] recruited 363 patients in a general ICU over a 1-year period.
They observed that none of the 103 patients with 24 h—CLcg > 120 mL/min/1.73 m?
reached the targeted trough level on the first day; in addition, these patients showed
persistently lower levels over the first three days when compared to the patients
without ARC, despite being exposed to increased doses of vancomycin.

Another group [59] performed a retrospective study evaluating the influence of
ARC (estimated by CG method) on the exposure to vancomycin in a heterogeneous
population (critical and non-critical care setting). They concluded that ARC cases
had double the risk of sub-therapeutic vancomycin serum concentration. Shimamoto
et al. [26] found significantly lower trough vancomycin levels in septic ICU patients
with a greater systemic inflammatory response; of note the estimated renal function
was “supra-normal” in this group (>120 mL/min, CG estimated). Very recently, Chu
et al. [11] reached similar conclusions in a study involving 148 infected patients
receiving empirical vancomycin therapy. The authors demonstrated that patients
with ARC (>130 mL/min, CG estimated) treated with conventional dosage of van-
comycin exhibited significantly lower steady-state trough serum concentrations.
Equally, Spadaro et al. identified ARC (here defined as measured 24 h-
CLcg > 130 mL/min/1.73 m?) as the main determinant of sub-therapeutic vancomy-
cin serum concentrations, in a group of 348 critically ill patients treated with
continuous infusion of vancomycin [120]. Similar results were also published
recently in a retrospective study involving neurosurgical patients [121].
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Teicoplanin is another glycopeptide used in ICU. It is hydrophilic, highly protein
bound, and predominantly renally eliminated [122]. Recently, Nakano et al. [123]
reported that septic patients manifesting a systemic inflammatory response syndrome
(SIRS) had significantly lower plasma trough concentrations during the first 3 days of
treatment, when compared to non-SIRS patients administered an equivalent loading
dose. Similarly, distinct groups have reported an augmented rate of teicoplanin clear-
ance in febrile, severely neutropenic patients and in critically ill patients [71, 125].

7.6.5 ARC and Other Antibiotic Drugs

From a theoretical point of view, the PK of any agent that is renally cleared, will
potentially be altered by ARC. However, depending on the bacterial kill PK/PD
profile, the magnitude of this effect will vary.

For hydrophilic antibiotics exhibiting a time-dependent profile, particularly with
low protein binding, an effect similar to that with beta-lactams is expected. This is
the case of oxazolidinones (e.g. linezolid, the first to be approved for clinical use)
and fosfomycin. Although the level of renal clearance of linezolid is modest (less
than 30%) higher values of glomerular filtration are documented as a risk factor for
suboptimal serum concentrations in patients with severe sepsis [125]. On the con-
trary, fosfomycin is eliminated almost entirely by the kidneys [126]. Consequently,
higher dosing, shortening of intervals and alternative ways of administration of these
drugs—such as extended or continuous infusion—should be considered [127-129].

For hydrophilic antibiotics exhibiting a concentration-dependent profile, such as
with aminoglycosides, the peak plasma concentration is less affected by ARC and
more affected by the increased volume of distribution [130]. However, ARC has
been described as a covariate leading to the requirement of higher than standard
dosage in critically ill patients [131-133]. In addition, the shortening of dosing
intervals to less than 24 h can be considered.

For levofloxacin, a moderately lipophilic drug with a high volume of distribution
and almost totally cleared by the kidneys, recent work by Pai et al. [134] showed
that in a population of morbidly obese septic patients, a standard dosage was insuf-
ficient to achieve the defined PK/PD target, and that CL¢y constituted the best pre-
dictor of levofloxacin renal clearance. In line with others [135], the final
recommendation by these authors is that the dosage of levofloxacin should be
increased in patients with higher CLcy [134].

Daptomycin, a novel cyclic lipopeptide, is a hydrophilic antibiotic characterized
by a low volume of distribution, predominant renal excretion, prolonged post-
antibiotic effect, and a concentration-dependent PK/PD profile. Falcone et al. stud-
ied 50 critically ill patients treated with standard doses of this antibiotic and reported
augmented daptomycin clearance and significantly lower drug exposures in a subset
of 13 patients [78]. Similar results were observed in cancer patients with febrile
neutropenia and in patients with burn injuries treated with daptomycin, suggesting
the need for higher doses at the onset of treatment [136, 137].
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7.6.6 My Septic Patient Has ARC: So What?

Based on growing literature, it seems rational to conclude that augmented CLy is a
significant predictor of sub-therapeutic beta-lactam and vancomycin concentrations
in critically ill patients, when standard doses are employed. Moreover, as discussed
above, current data regarding other antibiotics are in keeping with this, reinforcing
the clinical importance of ARC as a determinant of antibiotic exposure in the early
phase of severe sepsis. Importantly, these data are highly generalizable, and suggest
intensive care physicians, pharmacists, researchers, and pharmaceutical regulators
should be cognizant of the implications of ARC. A “one-size-fits-all” approach to
dosing is likely to be grossly flawed in the critically ill. It is imperative that all those
involved in the treatment of critically ill patients move towards an individualized
dosing approach.

Adequacy of antibiotic therapy is of paramount importance in achieving optimal
outcomes in septic patients [138, 139]. The prescription of an antibiotic should
always consider the “bug-drug-host” triad, with efficacy of therapy intimately linked
to optimizing each of these factors. Although ARC is only one piece of this intricate
chain, ignoring this phenomenon will significantly impact the success of antibiotic
therapy. In this respect, three recent position papers—one from “Antimicrobials: A
Global Alliance for Optimizing their Rational Use in Intra-Abdominal Infections”
(AGORA), another by the most recent “Surviving Sepsis Campaign Guidelines”
Committee, and the third from the “Infectious Diseases Society of America/American
Thoracic Society 2016 Clinical Practice Guidelines”—underline the need to opti-
mize antimicrobial exposure to obtain better clinical outcomes and reduce resistance,
and make special mention of the clinical relevance of ARC [140-142].

From a practical point of view at the bedside of a severely ill patient with ARC,
clinicians should strongly consider: (a) the use of the maximal recommended doses
of antibiotics that are renally cleared; (b) optimization of the mode of administration
with extended or continuous infusions (vancomycin, beta-lactams); and (c) the
shortening of dosing intervals with intermittent schedules (aminoglycosides, beta-
lactams). Often, larger “off-label” doses may be required. In this respect, a number
of nomograms based on CL¢ values have been developed to assist prescribers [96,
106, 111, 112, 143]. Traditionally, therapeutic drug monitoring (TDM) is used to
largely prevent toxic effects, particularly in older patients, patients with rapid
changes in renal function and in the critical care setting. However, TDM can and
should be used for dose titration where available, and is especially useful in patients
with ARC, although this practice is still infrequently applied [144].

Of note, over-dosing of adequate antibiotic drugs at the beginning of the treat-
ment of the severely ill septic patient is probably more advantageous and life-saving
than under-dosing. Logically, when more aggressive antibiotic doses using agents
with a narrow therapeutic window are applied, such as vancomycin and aminogly-
cosides, complications can also occur (such as nephrotoxicity) [145, 146]. However,
in our experience, with tight monitoring any elevation of serum creatinine is usually
transient and mild, and the frequency of severe AKI is low [111, 147-150].
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7.7 Conclusions

Septic patients in the ICU are severely ill, with frequent organ dysfunction, and are
often infected with more resistant microorganisms. Because of numerous physio-
logical changes, the PK characteristics of antibiotics are grossly altered, and an
individualized approach to the critically ill patient, must be considered when pre-
scribing these agents.

Augmented renal clearance has emerged recently as a common feature in some
subsets of critically ill patients and has been increasingly described in this setting. This
condition is often overlooked by clinicians, albeit can have profound and severe conse-
quences on the efficacy of drugs that are predominantly eliminated by the kidneys. The
use of traditional antibiotic dosing strategies in patients showing persistent ARC may
lead to suboptimal antibiotic exposure, increasing the risk of treatment failure, when
standard doses are used. Consequently, this may contribute to an increase in bacterial
resistance and the prevalence of (even more) difficult-to-treat infections. As such clini-
cians should be cognizant of this phenomenon, using simple and reliable methods
(such as a measured CLy) to identify patients where dose adjustment is needed.
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