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Foreword

Use of antibiotics is becoming increasingly challenging as we are required to treat
different types of patients, including the elderly as well as those that are profoundly
immunosuppressed and/or critically ill. The presence of multi-drug resistant
pathogens and the association of their emergence with suboptimal antibiotic
exposures also present major challenges for clinicians. Indeed, despite all the
in vitro and in vivo studies on antibiotic pharmacokinetics and pharmacodynamics
over the last 30—40 years, therapeutic failures are still relatively common for some
patient groups such as the critically ill.

An increasingly common question that now pervades the health system and
affects our ability to give optimal antibiotic therapy is, “How do we dose antibiotics
in obese patients?” While this issue is not significant for some countries, Western
countries including USA, UK, and Australia all have relatively high rates of obesity
in the population meaning that the rates of patients with obesity is similarly high. In
this book, data is presented which highlights the worse clinical outcomes for
infected obese patients relative to non-obese comparators. While some physiolog-
ical rationale exists for this, including maldistribution of blood flow into peripheral
tissues and altered endocrine function, a controllable factor for clinicians is the dose
of antibiotic that these patients are administered. This textbook provides a very
detailed summary of the literature describing the data of altered pharmacokinetics
of various antibiotics in obese patients and translates these data into dosing guid-
ance. At the same stage, where there are severe deficiencies in data, these gaps are
also highlighted as areas requiring further research.

Although I am biased because I have been involved in the development of this
book, I believe it to be a highly valuable resource and recommend it to pharmacists,
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doctors, and other antibiotic prescribers as well as basic and translational scientists
that have an interest in antibiotic pharmacokinetics and pharmacodynamics.

Brisbane, Australia Jason A. Roberts, Ph.D.
Professor of Medicine
NHMRC Career Development Fellow

and

Professor of Pharmacy
Chair of Research Strategies Committee



Preface

No matter how depressing it sounds, obesity is here to stay! Despite a significant
increase in the awareness of causes of obesity, extensive media campaign from
public health organizations and government bodies, and availability of modern
medical interventions, the global incidence of obesity is rising exponentially. The
official product information for medications is based on the data derived from
normal weight individuals and therefore, cannot be applied to obese patients. As
such, clinicians are struggling to make dosing decisions for obese patients on a
daily basis. Antimicrobials are one of the most frequently used medications, and
limited information is available about antimicrobials in obese patients. Like any
other situation in the practice of medicine where limited information is available,
clinical decisions are often guided by the best use of available data and expert
advice on the matter. In a nutshell, this is all what the first clinical reference on
“Drug Dosing in Obesity-Volume I: Antimicrobials” is all about.

Three years ago when I made a transition from full-time clinical pharmacist role
to an academic, I contemplated the idea of having a clinical drug reference for
dosing medication in obesity. Springer publishers were kind enough to accept the
idea, and I started contacting doctors, pharmacists, and academics to gauge the
support for this idea. The response was overwhelming, and many individuals
volunteered to write chapters for the antimicrobials section of the book. The
response for the non-antimicrobials chapters was less encouraging. Springer was
once again kind enough to allow breaking the book into two volumes; the first one
for the antimicrobials and the second one for the rest of medications.

Dosing antimicrobials in any patient population requires thoughtful considera-
tions of patients, diseases, and drug factors; therefore, this book is not meant to
replace clinical judgment. The aim of this book is to assist clinicians by providing
an up-to-date summary of the literature coupled with the expert advice on dosing
antimicrobials in obesity. Each chapter represents a summary of the relevant
pharmacokinetic changes in obese patients followed by a discussion of the available
literature on the use of a particular antimicrobial in obese patients. Dosing rec-
ommendations are provided based on the available literature and expert advice

vii
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considering important patient-related factors, where applicable. Selected cases have
been presented as an appendix to the book to demonstrate clinical decision-making
in the dosing of antimicrobials for obese patients. To the best of our knowledge,
there is no reference book available on the dosing of antimicrobials in obesity and
we believe that this book will serve as a useful reference source for clinicians,
academics, and researchers.

I would like to thank all the authors for their time and efforts in making this book
a reality. Special thanks to the Division of Pharmacy, School of Medicine at the
University of Tasmania for allowing me to complete this important piece of sci-
entific literature. Thanks to Sarah Germans and Thijs van Vlijmen at the Springer
office. Last but not least, thanks to Prof. Jason Roberts for providing two chapters
for the book and accepting my invitation to become a co-editor of this book. There
is an urgent need to conduct pharmacokinetics and clinical studies on many rou-
tinely used antimicrobials in obese patients where the literature is simply nonex-
istent. I will encourage all clinicians involved in providing care for obese patients to
collaborate with the universities in conducting the necessary research.

Best wishes,

Hobart, Australia Syed Tabish R. Zaidi
Lecturer and Course Coordinator
Postgraduate Clinical Pharmacy Coursework
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Chapter 1
Introduction

Syed Tabish R. Zaidi

Abstract Significant physiological changes in obese patients limit the generalis-
ability of dosing information of antimicrobials to this increasingly prevalent group
of patients. Individualised approaches to drug dosing in obese patients are war-
ranted to address the significant changes in the pharmacokinetics of antimicrobials
in this patient group. Nevertheless, differences in the chemical, physiological and
clinical characteristics of antimicrobials limit the application of established phar-
macokinetics in obese patients. Important considerations when designing an
antimicrobial regimen include an understanding of the focus of infection, relative
susceptibilities of the micro-organism involved, the best match of the body size
descriptor for the antimicrobial in question and the renal function of the patients
under treatment.

Keywords Obesity - Physiological changes - Body-size descriptors « Dosing -
Antimicrobials - Pharmacokinetics -+ Pharmacodynamics

Obesity is a medical condition of excessive accumulation of body fat, which can be
identified by a simple index of weight-for-height, i.e. the body mass index
(BMI) [1, 2]. BMI is defined as body weight (in kg) divided by the height squared
(in m; kg/m?), with obesity defined as having a BMI >30 kg/m? [2]. Further
classification divides obesity into three distinct classes: type I refers to a BMI of
>30 kg/m” and <35 kg/m?, type II refers to a BMI of >35 and <40 kg/m” and type
IIT or morbid obesity is defined as having a BMI of >40 kg/m? [3]. Despite an
ongoing debate in the medical literature regarding the validity of BMI as a measure
of obesity, BMI remains the universal standard for measuring obesity and has been
used by the World Health Organization (WHO) for studies of obesity interna-
tionally [4].
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Obesity is a growing concern for healthcare authorities worldwide. According to
recent statistics (2014) by the WHO, approximately 13 % of the world’s population
are obese [4], which represents more than 600 million individuals. The United
States has the highest prevalence of obesity among western nations, with one-third
(33.7 %) of the total adult population classified as being obese [4]. An increasing
trend in the prevalence of obesity is observed in other western countries where
obesity occurrence is, at least, greater than 20 % of the total population, e.g.
Australia, Canada, France, Germany, Ireland and the United Kingdom [4]. Middle
Eastern countries are increasingly recording a high prevalence of obesity, with close
to one-third of the populations in Bahrain, Qatar, Saudi Arabia and the United Arab
Emirates being obese [4].

Posology information for many antimicrobials lacks specific recommendations
of how to dose these agents in obese patients [5]. Given the significant physio-
logical changes that occur in obesity and the absence of an appropriate size
descriptor to base antimicrobial dosing decisions on [6], antimicrobial dosing in
obese patients is a challenging task. The following sections of this introductory
chapter will briefly discuss the rationale for individualising antimicrobial dosing in
obese patients, examine the physiological changes responsible for pharmacological
variability in obesity and determine the various factors that should be considered
before making dosing decisions for antimicrobials in obese patients.

Rationale for Individualised Dosing of Antimicrobials

Obese patients have a higher risk of infection-related mortality than normal weight
patients do [7]. Moreover, obese patients may have impaired tissue penetration of
antimicrobials and often receive sub-optimal doses of antimicrobials during clinical
practice [7]. Delayed administration of appropriate antimicrobials has been shown
to be an independent predictor of patient mortality [8]. Given the significant vari-
ation in the pharmacokinetics of antimicrobials in obese patients [6, 9], adminis-
tration of standardised doses can result in a sub-therapeutic concentration of
antimicrobials and subsequent treatment failure in this group of patients [10—12].

Indiscriminate use of official antimicrobial dosing recommendations to treat
obese patients has been associated with a higher than expected incidence of adverse
drug reactions in these patients [13, 14]. Antimicrobials with a narrow therapeutic
index, such as colistin and aminoglycosides, are often used as the last resort in
treating life-threatening infections. Using a common mg/kg dose of colistin rec-
ommended for non-obese patients in obese individuals results in a higher incidence
of nephrotoxicity. The same is true for other narrow therapeutic index antimicro-
bials such as aminoglycosides and vancomycin [13, 15].

Another important reason to individualise dosing in obese patients is the relative
variability of body composition within identical BMI values [5]. BMI is based on
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an individual’s body weight and height, and a taller person may have an entirely
different body composition, and subsequent antimicrobial disposition, than a fatter,
shorter person. Such variations, together with gender and ethnic differences in body
composition, warrants thoughtful consideration of multiple factors before making
dosing decisions in obese patients [6].

Lastly, antimicrobials agents have a significantly different pharmacokinetic
response to similar obesity-related physiological changes due to their physio-
chemical characteristics [5]. Therefore, careful consideration of body composition
of individual patients, the relative toxicity of the antimicrobial under consideration
and available pharmacokinetic data is required to calculate doses to ensure the safe
and effective use of antimicrobials in obese patients.

Physiological Changes in Obesity and Antimicrobial Dosing

A number of physiological changes occur in obese individuals compared to normal
weight individuals, such as an increase in body volume; relative increase in adipose
tissues; a significant increase in inflammation secondary to increased adiposity,
endocrine changes and associated metabolic syndrome; a comparative decrease in
lung volume and reduced tissue perfusion due to limited cardiac output [16].
Therefore, obese patients are at a higher risk of developing various medical
conditions including hypertension, coronary artery diseases, diabetes mellitus,
obstructive sleep apnoea, gastroesophageal reflux disease and venous-
thromboembolic disorders [16]. Our understanding of the implications of antibi-
otic dosing due to the physiological changes related to obesity is limited, with the
following section briefly outlining some of the important physiological changes that
have an established relationship concerning antibiotic dosing.

Increase in Extracellular Water

Obese individuals have lower total body water per unit of weight but higher
extracellular water than normal weight individuals do [17]. Apart from contributing
to cardiovascular and renal complications, this increase in extracellular water in
obese patients is directly related to an increase in the volume of distribution (V) of
the majority of antimicrobials independent of their hydrophilic or lipophilic nature.
Blood flow to adipose tissue is significantly lower than to muscle and other vital
organs in the body. It is estimated that around 5 % of cardiac output reaches
adipose tissue; therefore, it is assumed that the V of hydrophilic antimicrobials
(such as penicillins, carbapenems and aminoglycosides) should not be increased
owing to this limited blood flow [9]. Nevertheless, pharmacokinetic studies of
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penicillins, carbapenems and aminoglycosides in obese patients have shown a
considerable increase in the V of these antimicrobials [18-21], with studies also
revealing similar results for lipophilic quinolone antimicrobials with an increase in
the V of ciprofloxacin and levofloxacin in obese patients [10, 22].

Poor Tissue Perfusion

Poor tissue perfusion and reduced peripheral perfusion is a common problem in
obesity [23]. Additionally, obese patients may have poor lymphatic drainage that
contributes towards tissue inflammation and leads to further limitation of tissue
perfusion [24]. This limited blood flow in obese patients has been linked to an
independent increase in the incidence of hypertension compared to non-obese
populations [23].

Tissue penetration is an important determining factor in the effectiveness of any
antibiotic. Given the poor tissue perfusion in obese patients, a lower tissue to serum
ratio of ciprofloxacin is expected in obese patients than what appears in normal
weight individuals [10, 25]. Limited tissue perfusion of antimicrobials in obese
patients becomes more important in skin and soft-tissue infections, deep-seated
infections such as necrotising pancreatitis and localised abscesses, pneumonia and
surgical prophylaxis [26].

Impaired Liver Function

Non-alcoholic fatty liver disease (NFLD) is a common complication of obesity.
Obese patients are three times more likely to develop NFLD than non-obese
patients [27]. Apart from metabolic complications associated with NFLD, studies
have shown that NFLD can significantly affect the metabolism of various medi-
cations [28, 29]. The extent of the variability in drug metabolism in NFLD is
dependent on the type of drug metabolising enzyme involved [28, 29].

Drugs that are metabolised via the CYP3A4 pathway are likely to have lower
metabolic clearance in obese patients than in normal weight subjects [28]. On the
contrary, drugs that are the substrate of CYP2E1 and undergo xanthine oxidase or
N-acetyltransferase reactions have higher metabolic clearance in obese patients than
in non-obese patients [28]. Limited information is available on the effects of
obesity-related NFLD on the metabolism of antimicrobials. The majority of the
information is available for drugs acting on the central nervous system, cardio-
vascular system and anti-cancer drugs [28, 29]. Voriconazole, a commonly used
anti-fungal agent in clinical practice that is predominantly metabolised by the liver,
has significantly lower clearance in obese patients than in normal weight individ-
uals [30]. Macrolides and some triazole anti-fungals are metabolised by CYP3A4,
with metabolism of these compounds likely to be reduced in obese patients also.
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Abnormal Renal Function

The kidney uses three individual yet interdependent processes to eliminate waste
and excrete drugs from the body, namely glomerular filtration, tubular secretion and
tubular re-absorption [31]. Although limited information is available regarding the
effect of obesity on the tubular secretion and re-absorption, obesity has shown to
increase the estimated glomerular filtration rate (¢GFR) up to 62 % [32]. Given the
relatively higher incidence of proteinuria and chronic kidney disease in obese
patients than in normal weight individuals [33, 34], the possibility of reduced
tubular functions cannot be ruled out in obese patients.

The significant changes in renal function observed in obese patients may lead to
high renal clearance of antimicrobials that are predominantly cleared by the kid-
neys, such as vancomycin, aminoglycosides and daptomycin [11, 35, 36]. The
mean vancomycin clearance rate in obese patients was found to be 2.5 times greater
than in non-obese patients [11]. Similarly, a higher daptomycin renal clearance rate
was observed in obese patients than in non-obese patients (1.01 vs. 0.70 L/h,
respectively) [35]. Tubular secretion and subsequent renal clearance of cir-
profloxacin were also higher in obese patients than in normal weight individuals
(60 vs. 53.3 L/h, respectively) [10].

Selection of an Antimicrobial Dosing Regimen
in Obese Patients

The following section will outline various factors that should be considered when
selecting an antibiotic regimen for obese patients, with several of these factors
being equally important in the selection of antimicrobial regimen for non-obese
patients. A summary of these factors is included in Table 1.1 for quick review and
subsequent reference.

1. Focus of infection and tissue penetration

One of the important factors that determine the therapeutic effectiveness of
antimicrobials is the ability of an agent to penetrate at the site of infection. This
means that the focus of infection is an important consideration for dose estimation,
and in some cases, the choice of an antimicrobial agent. For example, the con-
centration of vancomycin in various bodily fluids and tissues varies significantly,
and such variation should be taken into consideration when selecting a particular
dosing strategy [37]. Comparative studies of intermittent and continuous infusion
have demonstrated that the trough concentration of vancomycin in cerebrospinal
fluid was significantly higher (more than three times) in the continuous infusion
group than in the intermittent group [37]. Similar limitations have been observed
with other antimicrobials in the treatment of nosocomial pneumonia and
intra-abdominal infections [9, 12, 38].
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Table 1.1 Summary of important factors in determining dose for antimicrobials in obese patients

Factor Impact on dosing decision Examples of antimicrobials
affected
Focus of Deep-seated infections such as Gentamicin in the treatment of

infection and
tissue

meningitis and pneumonia are
difficult to treat owing to poor

pneumonia and vancomycin in
meningitis

penetration antibiotic penetration. Antimicrobials
with limited tissue penetration should
be avoided
Minimum Antimicrobials with higher MIC Ciprofloxacin in the treatment of
inhibitory values within the sensitive range often | infections caused by
concentration require high doses. For some Enterobacteriaceae
(MIC) antimicrobials, this is not practical MRSA infections where MIC of
owing to their pharmacokinetics vancomycin is >1 pg/mL
limitations. These antimicrobials will
never attain a desirable serum
concentration to MIC ratio; therefore,
they should be avoided in obese
patients
Body size A number of body size descriptors TBW is routinely used for
descriptor have been proposed for dosing vancomycin although the

antimicrobials in obese patients such
as TBW, IBW, ABW, LBW, FFW
and BSA. The limitations of these
body size descriptors should be noted
and their indiscriminate use may lead
to inappropriate dosing decisions

majority of doses are capped at
2 g/dose. ABW was derived for
aminoglycosides although it has
been used for quinolones for no
scientific reason

Renal function

Estimation of renal function is
confusing owing to a number of
equations being available that
quantifies GFR and CrCl. All
available equations either over- or
under-estimate renal function in obese
patients. Renal dose adjustment
should be based on measured 24 h
CrCl. Limited data supports the use of
the C&G equation with LBW,(s
instead of with TBW or IBW.
Importantly, the widely accepted
Salazar-Corcoran equation
significantly overestimates CrCl and
may lead to substantially high
incorrect doses in obese patients

A 200 kg 50 year old male who
is 180 cm tall with a serum
creatinine of 250 pumol/L will
have a CrCl of >50 mL/min as
per the Salazar-Corcoran
equation and will receive no
dose adjustment for the majority
of antimicrobials. Applying the
C&G equation using LBWjs
will administer 25 mL/min and
iS more accurate to a serum
creatinine of 250 pmol/L

MIC Minimum inhibitory concentration; MRSA Methicillin-resistant Staphylococcus aureus; TBW
Total body weight; IBW Ideal body weight; ABW Adjusted body weight; LBW Lean body weight;
FFW Fat-free body weight; BSA Body surface area; GFR Glomerular filtration rate; CrCl
Creatinine clearance; LBW0s LBW based on 2005 equation and C&G Cockcroft and Gault

Obesity is also an independent risk factor for infection, with obese individuals
having a comparatively poorer clinical outcome in infections than their non-obese
counterparts [26]. Additionally, obesity may limit the penetration of antimicrobials
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in tissues [25], which means that the focus of infection becomes more important
when choosing the antimicrobial regimen for obese patients. Therefore, antimi-
crobials with limited tissue penetration for particular clinical indications, such as
aminoglycosides in pneumonia and vancomycin in meningitis, should be avoided in
obese patients. However, if the use of a particular antibiotic is unavoidable, such as
in the case of methicillin-resistant Staphylococcus aureus infection and van-
comycin, alternative modes of dose administration (for example continuous infu-
sion) should be employed to achieve better tissue penetration [37].

2. Minimum Inhibitory Concentration

Frequently a neglected parameter in antimicrobial dosing consideration is the
minimum inhibitory concentration (MIC) of an antibiotic against the targeted
pathogen. MIC values are often used to simplify the categorisation of antimicrobials
as either susceptible or resistant. Nevertheless, clinical studies have shown differ-
ences in clinical outcomes within the susceptible range of different MIC values for
vancomycin and colistin [39, 40].

A number of preferred pharmacodynamic indices have been proposed to max-
imise the effectiveness of antimicrobials such as the fraction of the time (fT) above
the MIC (fT > MIC); the maximum plasma concentration (Cmax) and MIC ratio
(Cmax/MIC); and the area under the curve (AUC) and MIC ratio (AUC/MIC) [41].
Given the significant physiological changes in obese patients mentioned earlier,
attaining these pharmacodynamic indices is nearly impossible for pathogens in the
higher range of MIC values. Where available, the specific MIC of a pathogen or the
usual range of MIC values for the pathogen in a given institute needs to be con-
sidered when selecting an antimicrobial as well as determining its dose. For
example, treatment failure rates for blood stream infections caused by
Enterobacteriaceae were significantly higher in patients receiving ciprofloxacin and
had higher MIC values within the sensitive range [42]. Therefore, choosing
ciprofloxacin in obese patients for the treatment of similar infections would be
inappropriate and more potent agent should be considered in such cases.

3. Body size descriptors and weight based dosing

BMI is the most commonly used body size descriptor to define obesity. However, a
number of various body size descriptors have been proposed to guide dosing of
antimicrobials including body surface area (BSA); ideal body weight (IBW);
adjusted body weight (ABW); fat-free weight (FFW); lean body weight (LBW) and
total body weight (TBW) [6]. BSA is primarily used to estimate dosing of
chemotherapeutic agents and has a limited role in antimicrobial dosing [43].

IBW is based on the height of an individual and a direct correlation between
individual height and weight is assumed. As noted by Pai [6], there are several
limitations in using IBW as a dosing weight, and it should be avoided in calculating
drug doses. In a previous study, the use of IBW was shown to produce inaccurate
dosing estimates in an obese patient that led to the development of the ABW
equation for dosing gentamicin [20]. Nevertheless, IBW is often used to calculate
doses for acyclovir and colistin, often to limit the toxicity potential of these narrow
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therapeutic index antimicrobials [44]. Given the lack of physiological underpinning
for IBW, it is uncertain if IBW-based dosing may affect clinical outcomes with
these drugs in obese patients.

ABW is a derivative of IBW that adds the difference between the IBW and TBW
after multiplying it by a numerical factor for weight-based dosing of antimicrobials
[6]. The numerical factor depends on the particular antimicrobial; for example, the
most common factor for aminoglycosides is 0.4 whereas 0.45 is used for cipro-
floxacin [43]. Conflicting evidence exists regarding the weight-based dosing of
other antimicrobials using ABW; therefore, this body weight descriptor should not
be uniformly applied to other antimicrobials [43].

LBW and FFW aim to quantify the weight of the muscles and bone while
eliminating the weight contributed by the fat component. Technically speaking,
FFW and LBW are computed differently, although they are closely related to each
other and have similar values in most cases [6]. Some experts have argued for the
routine use of LBW in estimating antimicrobial dosing for obese patients while
others disagree with this approach [5, 9]. LBW has traditionally been calculated
using an equation derived from a study that comprised a maximum body weight of
125 kg; therefore, estimating LBW in obese patients using this equation results in
erroneous results when a patient weighs greater than 125 kg [45]. The more recent
equation of LBW (LBW,s) addresses this limitation [45]. LBW has been advo-
cated for the estimation of anaesthetics and is seldom used for the calculation of the
initial dose of antimicrobials [16].

TBW has been utilised for the estimation of vancomycin dose in obese patients,
although the majority of studies have capped the dose to a particular maximum dose
(frequently 2 g) [46, 47]; therefore, technically speaking, the approach applied by
these studies contradicts the TBW approach. Given the widespread routine use of
vancomycin serum drug concentration monitoring in clinical practice, subsequent
adjustment of vancomycin doses is based on the observed levels in a given patient.
There is some data to support the use of TBW in estimating doses for antifungal
agents (fluconazole and amphotericin B) [43, 48], as well as daptomycin [35].

4. Estimating renal function in obese patients

A significant proportion of antimicrobials are cleared from kidneys; therefore,
estimating renal functions to estimate drug clearance is a routine practice in clinical
settings. The Modified Diet in Renal Diseases (MDRD) equation is the most
commonly used method for estimating renal function in clinical settings [49]. The
majority of pathology departments globally automatically report eGFR using the
MDRD equation. While the MDRD method has been routinely accepted to quantify
eGFR, little information is available about the relative drug dosing adjustment
(including antimicrobials) based on the MDRD equation [50]. This is because the
Cockeroft and Gault (C&G) equation has been traditionally used to estimate cre-
atinine clearance (CrCl) and subsequent dose adjustment of antimicrobials based on
a particular range of CrCl values [50].

The development of the C&G equation was based on healthy individuals with
normal body weight and, as such, using either IBW or TBW can significantly
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under- or over-estimate CrCl values in obese patients [SO]. A number of alternatives
to the C&G equation are available to estimate CrCl in obese patients, with the most
commonly used being the Salazar-Corcoran equation that is based on the obese rat
model being extrapolated to humans [51]. The majority of available equations
provide an estimate of CrCl; therefore, the best method to estimate CrCl in clinical
practice is to measure the 24 h urine creatinine value and calculate the real-time
CrCl in a given patient. Nevertheless, it is often difficult and time consuming in
most obese patients and clinicians often have to rely on estimates using the
available equations instead.

Demirovic et al. [50] reported one of the most comprehensive analysis of several
available equations used to estimate CrCl in morbidly obese patients. The authors
measured 24 h urinary CrCl in 54 obese patients (BMI of 50.5 + 12.6 kg/m?) and
compared the results with the estimated CrCl from the MDRD, Salazar-Corcoran
and C&G equations. Weight descriptors included in the C&G equation were TBW,
IBW, ABW (using a correctional factor of 0.4), FFW and LBWyqys [50]. The
authors discovered that using the MDRD equation and CrCl with IBW underesti-
mated the CrCl, whereas the Salazar-Corcoran equation and TBW or ABW in the
C&G equation overestimated the CrCl in obese patients. FFW or LBW substituted
in the C&G equation provided the least unbiased assessment of CrCl [50]. Given
the complexity of measuring FFW in clinical practice and the availability of a
simple equation to measure LBW s, the use of the C&G equation using LBW (o5
is the most reliable and practical method to measure CrCl in obese patients.

Conclusion

In conclusion, this chapter has introduced several important factors that should be
considered when dosing decisions of antimicrobials in obese patients are made.
Some of these factors are more relevant to the initial dose selection, whereas others
are more relevant to the ongoing maintenance dose. For example, the initial dose (or
loading dose for some antimicrobials) is highly dependent on V, which is often
increased in obese patients. However, a maintenance dose is highly dependent on
the drug clearance rate. It is extremely likely that clinicians will use the higher end
of the licensed doses of antimicrobials or at times, higher than the maximum
recommended dose when treating obese patients. Therefore, close observation of
dose-related adverse effects is crucial for the monitoring and subsequent adjustment
of antimicrobials in these scenarios. Given the direct relationship between the MIC
and clinical effectiveness of antimicrobials, it is important that antimicrobials that
are at the higher end of the susceptibility MIC range be avoided in obese patients.
This is because high doses of antimicrobials will often fail to achieve the required
bactericidal tissue concentration in these patients with an unjustified risk of adverse
effects. Where uncertainty exists, and reliable assays are available, therapeutic drug
monitoring should be utilised to enable optimised dosing.
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Chapter 2
Penicillins
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Abstract Penicillins are among the most widely used class of antibiotics, utilised
for a wide variety of clinical indications, including critical illnesses and sepsis.
Clinical efficacy and the prevention of the emergence of resistance are critically
dependent upon the correct dosing strategy in order to meet the required
time-dependent pharmacodynamic target. Penicillins mainly experience increases in
volume of distribution and renal clearance in obese patients, such that standard
doses may not be sufficient to achieve target attainment. The dosing recommen-
dation for penicillin antibiotics in obesity is, however, complex and lacking clinical
evidence. This chapter will review the current literature and make suggestions for
altered dosing for commonly prescribed penicillin antibiotics. Fortunately, given
the relative safety profile of the penicillin antibiotics, greater flexibility at upper
range of the dosing schedule, or frequency of administration, is available. Strategies
such as extended and continuous infusions are explored, together with reference to
front-loading dosing, therapeutic drug monitoring and Bayesian estimation tech-
niques and software to promote individualised drug dosing. Critical illness in obese
patients warrants careful consideration of penicillin dosing and must take into
consideration the pharmacokinetic and pharmacodynamic changes and altered
targets.
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Introduction

Penicillins represent the oldest class of antibiotics, since their discovery in 1928,
and have been in clinical use since the 1940s. Over the years, this class of
beta-lactams has expanded from the narrow spectrum penicillins, to combinations
with beta-lactamase inhibitors, providing a broad spectrum of activity [1]. Narrow
spectrum penicillins, such as intraveneous benzylpenicillin (penicillin G), intra-
muscular procaine penicillin and benzathine penicillin, and oral phe-
noxymethylpenicillin (penicillin V), are mainly active against Gram-positive
organisms, but are inactivated by beta-lactamase enzymes. Despite their narrow
spectrum, these penicillins remain the treatment of choice for many infections,
including Streptococcus pyogenes, pneumococcal pneumonia, and syphilis.
Antistaphylococcal pencillins, dicloxacillin and flucloxacillin, are stable to beta-
lactamases, and are the standard of care for infections caused by methicillin-
susceptible Staphylococcus aureus. The aminopenicillins, amoxycillin and ampi-
cillin, have a relatively narrow spectrum of activity against susceptible Gram-
negative pathogens, such as Escherichia coli, which is the most common urinary
tract pathogen, but are again inactivated by strains that produce beta-lactamase
enzymes. Broad-spectrum penicillins, piperacillin and ticarcillin, have an expanded
spectrum that includes Pseudomonas aeruginosa species. The combination of a
penicillin antibiotic and a beta-lactamase inhibitor, such as clavulanate and
tazobactam, which in themselves have little inherent antibacterial activity, inhibit
the enzymes produced by a variety of Gram-positive, Gram-negative and anaerobic
bacteria. In combination, amoxycillin and ticarcillin with clavulanate, and piper-
acillin with tazobactam, the spectrum of activity is significantly expanded.
Piperacillin-tazobactam (TZP) is currently a standard of care as empiric therapy for
a number of critical infections, such as febrile neutropenia [2, 3], ventilator asso-
ciated pneumonia [4], and severe diabetic foot infections [5]. All currently available
penicillin antibiotics are vulnerable to expanded resistance mechanisms, either
newly acquired or intrinsic in some organisms. Extended-spectrum beta-lactamases
(e.g. blactx-m), cephalosporinases (e.g. AmpC-type blacyy) and carbapenamases
(e.g. metallo beta-lactamases, blaxpc, and blagxa) all potentially inactivate
antibiotics in the penicillin class. Despite their longstanding and widespread use,
very little information is available about dosing in patients with an increased
body-mass-index (BMI) for the class as a whole. Given that the penicillin class of
antibiotics are frequently used in critical illness, where time to adequate antibiotic
exposure is critical for survival, more studies are required to further understand the
true impact of obesity on the pharmacokinetic/pharmacodynamic (PK/PD) targets,
together with clinical outcomes.
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Pharmacodynamic Target

Penicillins, like other beta-lactam antibiotics, display time-dependent pharmaco-
dynamics (PD) (see Fig. 2.1, panel a). The antibiotic activity is due to inhibition of
bacterial cell wall synthesis, which occurs over time to result in a relatively slow
bactericidal action [6]. Bacterial kill and efficacy correlates best with the length of
time (fT) that free (unbound) serum concentrations of the drug exceeds the
organism’s minimum inhibitory concentration (MIC) (i.e. fToyuc) [7]. Maximal
organism kill occurs when drug concentrations are maintained at four-times the
MIC [8]. The target for penicillin antibiotics is fTsygc of roughly 50 % of the
dosing schedule [9]. A post antibiotic effect is seen against Gram-positive organ-
isms, but is minimal against Gram-negatives [10], thereby suggesting Gram-
negative infections would benefit from a higher percentage fT.ppc. Penicillins are
also affected by an inoculum effect, such that infections with a high bacterial
density require higher antibiotic concentrations, for longer durations, to inhibit
growth [10]. In the setting of concurrent immunosuppression or critical illness a
fTomic target approaching 100 % has been suggested [11]. In clinical practice, the
MIC of the infecting organism is often not known at the time antibiotics are started,
such that empiric dosing is required to cover organisms with a range of MICs,
including those at the higher end of the susceptible range. Adequate drug exposure
is also critical to prevent the emergence of resistance within an organism population
[12], factoring in also the impact of the inoculum size, the duration of therapy and
the presence of immune dysfunction [13].

Pharmacokinetic Changes in Obesity

Penicillins are hydrophilic antibiotics that are essentially eliminated by renal
clearance, have a low volume of distribution (V) and a lower intracellular and tissue
penetration [14]. The summary of expected changes in the PK of penicillins to be
seen in obesity is presented in Table 2.1. Penicillins mainly experience increases in
V and renal/creatinine clearance (CrCl) in obese patients, suggesting that standard
doses may not be sufficient to achieve target attainment (50 % fT.mic), especially
for bacteria with higher MICs (see Fig. 2.1, panel b). Despite applying adjusted
body weight (ABW) and/or lean body weight (LBW) as size descriptors for dose
adjustment for hydrophilic medications, an assessment of individual’s calculated
BMI and how that relates to the changes in the PK of the penicillins is more
complex. Individuals with a raised BMI will not only have an increase in adipose
tissue but also variable amounts of concurrent increases in lean muscle weight and
blood volume. An elite athlete with a BMI > 30 kg/mz, for example, who has a
large proportional increase in lean muscle mass, will have vastly different penicillin
antibiotic PK changes compared with an individual with the same BMI but whose
excess weight is predominantly made up of an increase in adipose tissue. This
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<« Fig. 2.1 Schematic representation of the potential changes in PK/PD seen in obesity.
Figure adapted from [9, 11]. Panel a Time-concentration curves. In the obese host there can be
a reduced peak concentration due to the increased V, although obesity-related reduction in protein
binding may counteract this for heavily protein-bound drugs such as di/flucloxacillin. Augmented
renal/creatinine clearance accounts for a steeper clearance curve. Both factors impact on the
fTamic. Panel b MIC-target attainment curves. There is a quicker drop off in the percentage target
attainment in the obese host as the organism becomes more resistant (i.e. increasing MIC). Panel ¢
Time-organism re-growth curves. A theoretical risk of the emergence of a resistant sub-population
during antibiotic treatment course. This is not only impacted upon by the reduction in fTspyc but
also the impact of immune dysregulation seen in obesity that would normally assist the antibiotic
in organism kill

Table 2.1 Overview of penicillins ppharmacokinetic (PK) changes in obesityObesity

PK parameter Effect of obesity

Absorption

Oral Minimal change

Intramuscular Avoid

Intravenous No change

Distribution

Protein binding Reduced®

Volume of distribution Increased

Metabolism No change

Excretion Increased® (augmented renal/creatinine clearance)

“Results in an increase in the unbound penicillin concentrations, contributing to increased
clearance
®Occurs in the absence of co-morbidities impacting on renal function

differentiation is important when dosing penicillins given the potential that the
degree of increase in V may be unrecognized, which in turn has the potential to
result in decreased plasma drug concentrations.

Review of Existing Literature

There is a dearth of clinical PK/PD studies examining dosing of penicillin antibi-
otics in obesity, and much of the more recent literature deals only with TZP (see
Table 2.2). When compared to parameters in reference populations [1, 15, 16],
there are consistent reports of increases in V and CrCl in obese subjects who have
been administered TZP. In the critically ill cohort, however, it seems that severe
sepsis alters the PK/PD more than obesity alone [17]. Similarly, renal function and
the use of continuous renal replacement therapy have a large impact on PK/PD
targets. In general, the doses of TZP studied were either at the upper end of the
recommended dosing schedule (e.g. 4.5 g 6-hourly, 30 min infusion), or utilised
extended infusions over 4 h.
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For penicillin antibiotics that have been administered via the intravenous route,
the impact of obesity on absorption should be minimal. The impact of obesity on
oral penicillin absorption is also largely unaffected by obesity [18, 19]. Miskowiak
et al. determined that in a small cohort of eight female patients, the absorption of
phenoxymethypenicillin was no different before and three months after gastroplasty
[20]. The absorption of phenoxymethylpenicillin and flucloxacillin is impaired by
the presence of food in the stomach, and patients should be appropriately counseled
by their pharmacist on the correct administration. For the remaining oral penicillin
antibiotics, the increased splanchnic blood flow and delayed gastric emptying
should also have minimal effects on absorption [21, 22]. Intramuscular adminis-
tration represents a small proportion of penicillin administration. Where possible,
the intramuscular administration of penicillins, such as benzathine penicillin and
procaine penicillin, should be avoided in obese patients. Inadvertent administration
of penicillin antibiotics into subcutaneous tissue, also known as ‘intralipomatous’
injections [23], may cause pain, altered absorption kinetics and potential tissue
necrosis. General recommendations for tissue damage associated with the
extravasation of injectable medications include those with a pH below 5.5 or greater
than 8.5. The pH of both benzathine pencillin and procaine penicillin is reported to
be between 5 and 7.5 [24].

The impact of obesity on the distribution of penicillin antibiotics represents a
complex dilemma and is dependent on a number of variables. Penicillin antibiotics
are generally hydrophilic [19, 25] and their V is generally low [26]. As such, they
have poor distribution into adipose tissue [19]. Excess weight associated with
obesity also includes increased lean mass to carry the adipose tissue thereby,
providing an increased V for penicillin drugs [18, 19]. Kampmann et al. [27]
reported a higher V for ampicillin in a small cohort of patients prior to gastric
bypass surgery (0.60 L/kg, in patients with an average weight of 131 kg) compared
to the same patients one year later when they were on average 44 kg lighter (V of
0.41 L/kg). Yuk et al. [28] measured nafcillin serum levels in a single morbidly
obese (162 kg) endocarditis patient, and also identified an increased volume of
distribution. Based on this, the authors were able to provide nafcillin dosing rec-
ommendations in obese patients. The predicted proportion of plasma protein
binding of the penicillin antibiotics in the standard population varies markedly from
20 % for ampicillin to up to 93 % for flucloxacillin, although there are significant
differences between measured and predicted unbound drug concentrations for the
highly protein-bound beta-lactams [29]. The increased levels of lipoproteins,
cholesterol and free fatty acids observed in obese patients has the potential to bind
to serum proteins, such as albumin [19]. Suh et al. demonstrated that high levels of
free fatty acids significantly reduced the protein binding of dicloxacillin, but
increased the protein binding of benzylpenicillin [30]. As the free concentration of
drug is responsible for therapeutic effects, a reduction in the availability of albumin
increases the free concentration of the penicillin. In this previous work by Suh et al.
there was a fivefold increase in the free dicloxacillin fraction and a 50 % reduction
in the free fraction of benzylpenicillin observed [30]. The increase in free fraction of
a protein-bound antibiotic will increase the peak penicillin concentration, but more
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importantly, will increase the amount of drug available for renal clearance. Given
the time-dependent efficacy of penicillins, decreased protein binding has the
potential to reduce target attainment of adequate % fTsmic.

It is recognized that obese patients have a higher hepatic clearance of drugs due
to increased glucuronidation and the activity of specific cytochrome P450 enzymes
[31]. In particular, an increase in CYP2E1, CYP2C9, CYP2D6 and CYP2CI19
enzyme activity and a reduction in CYP3A4 has been reported [18, 31]. The
involvement of the cytochrome P450 enzyme system is thought to be minimal for
penicillin antibiotics. Most penicillins are excreted by the kidneys as intact mole-
cules, with only a minor degree of metabolism [26, 32]. Van Seane et al. [31] also
report the potential of impairment of hepatic antimicrobial clearance due to hepatic
steatosis in late obesity, which is of minimal impact in the metabolism of peni-
cillins. Hepatic steatosis and diabetes does, however, contribute to the risks of drug
induced liver injury (DILI) [33, 34]. Within the penicillin class, flucloxacillin and
amoxicillin-clavulanate are the agents most commonly associated with DILI, where
there are additional risks reported, including being female, being over 55 years of
age and having a human leukocyte antigen (HLA)-B*5701 genotype for fluclox-
acillin, and HLA-A*3002 and B*1801 for amoxicillin-clavulanate [33-36].

Penicillins are primarily excreted through the kidney and are revolved largely
unchanged [26]. Beta-lactamase inhibitors (clavulanate and tazobactam) are also
excreted by the kidneys, but to a lesser extent, especially that of clavulanate [1].
Renal clearance is directly influenced by V, renal blood flow and glomerular fil-
tration rate (GFR). Renal clearance can be increased because of greater kidney mass
and global filtration, as demonstrated in obese kidney donors who have been shown
to have significantly higher glomerular planar surface area compared to that of
non-obese donors [37, 38]. Conversely, renal clearance can be decreased because of
chronic kidney insufficiency due to concurrent hypertension or diabetic
nephrophathy [39, 40]. In the absence of comorbid conditions, GFR can be
increased by approximately 62 % in obesity [18]. Accurate measurements, how-
ever, with existing equations to estimate GFR, especially in the setting of aug-
mented renal clearance (ARC), are limited [41-44].

Obesity increases morbidity and mortality through multiple effects, including a
reduction in immune responses, leading to an increased risk of a wide range of
infections, including postoperative and other nosocomial infections, as well as the
development of serious complications from common infections [45]. The specific
impact of obesity on clinical antibiotic treatment failure is less well established. In a
historical cohort study, where 16.0 % received amoxicillin and 8.8 % received
phenoxymethylpenicillin, obesity was a significant risk factor for antibiotic treat-
ment failure, after accounting for other potential confounding variables [46]. The
role of penicillin antibiotics in surgical prophylaxis, where adequate tissue con-
centrations of drug are critical, is also limited and the poor penetration of penicillins
into adipose tissue could be of concern [47]. Gulluoglu et al. [48] demonstrated the
successful administration of 1 g of intravenous ampicillin-sulbactam as a
pre-operative prophylaxis for breast cancer surgery in patients with a
BMI > 25 kg/m?, and showed a significant decreased in the rate of surgical site
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infection compared to placebo (65 % reduction). In regard to the studies examining
TZP administration in obesity, few studies also collected clinical outcome data.
Zakrison et al. [49] reported, in a post hoc analysis, a reduced response rate in
complicated intra-abdominal infections in patients with a BMI > 30 kg/m” who
received TZP (response rate 65 % compared with 86 % for patients with a
BMI < 30 kg/m?). More clinical outcome studies with PK/PD data are warranted.

Increasing antimicrobial resistance is a significant challenge to treating clinicians
and represents a global problem. What is not known, however, is whether the obese
cohort also have a greater tendency for the emergence of resistance while on
therapy due to their altered PK/PD and relative immune dysfunction related to
obesity (see Fig. 2.1, panel c) [9, 12, 13, 45]. One study, which examined the risk
factors for postoperative mediastinitis due to methicillin-resistant S. aureus
(MRSA), found that obesity was an independent predictor for infection with
methicillin-sensitive S. aureus, only diabetes, female gender and age >70 years
were found to be independent predictors for MRSA [50]. Despite this, adequate
penicillin drug exposure, for the shortest effective duration, is paramount for sup-
pressing the emergence of the resistant sub-population [12].

Recommendations

The dosing recommendation for penicillin antibiotics in obesity is complex and
lacking clinical evidence. The PK changes of antibiotics in obesity have been
likened to those seen in septic patients [31]. In the absence of controlled trials to
provide clear dosing recommendations for penicillin antibiotics in obese patients,
extrapolation of dosing evidence in sepsis is generally required. Fortunately, given
the relative safety profile of the penicillin antibiotics, greater flexibility at upper
range of the dosing schedule, or in the frequency of administration, is available.

An accurate assessment of renal function is paramount, given that there may be
normal renal function, ARC, or renal insufficiency. When classified as obese, the
proportion of the increased BMI that represents increased lean muscle mass, as well
as adipose tissue, is important when predicting the impact on V. In the obese patient
in ICU, the concurrent use of organ support, such as continuous renal replacement
therapy, will further impact upon the dose required [51, 52]. Although additional
supports, such as extracorporeal membrane oxygenation (ECMO), does not seem to
significantly impact specifically on TZP levels [53], they could impact on more
highly protein bound penicillin drugs, such as flucloxacillin, which are prone to
sequestration in ECMO circuits [54]. Underlying co-morbid conditions, such as
surgery, trauma, burns, and immune dysfunction for example, will further alter the
PK via changes in cardiac output and fluid balance, development of ARC, and
immune response to infection. Finally, the specific infecting pathogen(s), the MIC
and the site of infection will impact upon the required dosing schedule.
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Despite the limitations in published data and clinical evidence, the following
recommendations can be made in regard to dosing penicillin antibiotics in patients
with a BMI in the obese range (>30 kg/m?).

e Dosing should be at the upper end of recommended doses, or increased
frequency of dosing, such that the highest effective dose that can be safely
administered with minimal side effects, especially in those obese patients
with normal renal function or ARC.

e Consider using a front-loading strategy, where antibiotics are given at
higher doses initially and then reduced to standard dosing, depending on
culture results, organ function and response to therapy.

e Extended or continuous infusions, after an initial bolus dose, will best
ensure that fToyc is maintained at greater than the minimum target of
40-60 % of the dosing interval, and can provide a means to achieve a
fTomic closer to 100 % when faced with critical illness or immune system

compromise.

There is insufficient evidence to provide specific weight-based dosing schedules
for each penicillin antibiotic. Table 2.3 outlines general recommendations for
specific common penicillin antibiotics. Future aims should be to utilize therapeutic
drug monitoring of penicillin antibiotics in order to provide individualised drug
dosing, using Bayesian estimation techniques and dosing software, in patients with
increased BMIs with altered and difficult to predict PK/PD changes. This will
facilitate adequate drug exposure and promote optimal clinical outcomes, similar to
what has been proposed for dosing in critically ill patients [52, 55].

Table 2.3 Recommended dosing of common penicillin antibiotics in obesity

Antibiotic Usual adult dose | Dosing in Comments
obesity
Narrow spectrum penicillins
Benzylpenicillin, iv 12 Q6H—24¢g |12-24¢g Consider extended infusion
Q4H Q4H (12 h stability at room
temperature)
Procaine penicillin, im 15¢g Avoid if Risk of intra-lipomatous
Benzathine penicillin, im | 900 mg-1.8 g* possible infection
Phenoxymethylpenicillin, | 500 mg Q12H 500 mg Q6H | Risk of poor adherence with
oral more frequent dosing
Antistaphylococcal penicillins
Dicloxacillin, oral 500 mg Q6H 1 g Q6H Dicloxacillin preferred to

flucloxacillin to limit the risk
of drug induced liver injury

(continued)
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Antibiotic Usual adult dose | Dosing in Comments
obesity
Flucloxacillin, iv 1-2 g Q6H-Q4H |2 g Q6H-Q4H | High dose and frequent
administration via a small
peripheral cannula may be
limited by thrombophlebitis.
Consider also extended
infusions (24 h stability at
room temperature)
Aminopenicillins
Amoxycillin, oral 500 mg-1g 1 g Q8H Amoxycillin concentrates in
Q12H-Q8H the urine such that increased
doses may not be necessary
for urinary tract infections
Amoxycillin-clavulanate, | 500/125 mg 875/125 mg Less clavulanate and less
oral QI12H-Q8H; QI12H-Q8H; diarrhoea with Q12H
875/125 mg 1000/62.5 mg | regimen.
QI2H ER Amoxycillin-clavulanate
(2 tabs (875/125 mg) can be
Q12HY) combined with an additional
amoxycillin dose
Ampicillin, iv 2 g Q6H-Q4H 2 g Q4H Extended infusions limited
Amoxycillin, iv by lack of stability at room
temperature (stable only for
3 h at 30 mg/ml, stable 8 h
at 10-20 mg/ml)
Antipseudomonal penicillins
Ticarcillin-calvulanate, iv | 3.1 g Q6H 31g Consider administration by
Q6H-Q4H extended or continuous
Piperacillin-tazobactam, | 3.375 g® Q6H; | 3.375 g” g4 h; | infusion, after an initial
iv 45 g Q8H 6.75 g® Q8H | bolus dose (TIC stable for
(over 4 h); 48 h at room temperature;
4.5 g Q6H; TZP stable for 24 h at room
13.5-18 g temperature and 12 h in an
(over 24 h) ambulatory pump)

“Equivalent to 1.2-2.4 million units
®Dose/formulation not available in Australia. ER, extended release

The doses listed below are general recommendations only, based upon the maximum dosing
recommendations and assume good renal function. This table serves as a guide only and the choice
of agent and dose is dependent upon on the infection treated, the susceptibility of the organism and
host factors. The use of prolonged infusion of beta-lactam antibiotics, either as extended infusion,
defined as a discontinuous infusion of >2 h, or as continuous infusion, will maximize fTspc, but
should only be used following an initial loading dose, when intravenous access and drug stability

is ensured [62, 63]
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Chapter 3
Cephalosporins

Carmela Corallo and Syed Tabish R. Zaidi

Abstract Dose adjustment in obesity is particularly important for cephalosporins
since these agents are widely used for surgical prophylaxis and treatment of
infections. Compared with other antibiotics such as vancomycin and aminoglyco-
sides, there is a paucity of data on the pharmacokinetics of cephalosporins in
obesity and dosing recommendations are scarce. The purpose of this chapter is to
review and summarise the published data to assist in developing dosing recom-
mendations for the use of cephalosporins in obesity.

Keywords Cephalosporins - Obesity - Surgical prophylaxis « Dosing

Introduction

Cephalosporins are widely used from surgical prophylaxis to treatment in critically
ill patients. Moderate-spectrum cephalosporins include cephalexin, cephalothin,
cephazolin, cefuroxime, cefaclor and cefoxitin. Cephalexin, cephalothin and cep-
hazolin have a similar range of antimicrobial activity and are active against strep-
tococci and staphylococci, including B-lactamase—producing staphylococci, but
inactive against enterococci or Listeria monocytogenes. Their Gram-negative
spectrum includes Escherichia coli and most Klebsiella species, but they are
inactive against many Gram-negative aerobes (e.g. Serratia, Enterobacter or
Pseudomonas species). None of these cephalosporins have useful activity against
the Gram-negative anaerobe Bacteroides fragilis and related species. Cephalothin
has been largely replaced by cephazolin, as the short half-life of cephalothin makes
it inadequate for the treatment of Gram-negative infections [1, 2]. Cephalothin is
considered to have a superior anti-staphylococcal activity to cephazolin and hence
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may be used for the treatment of severe staphylococcal infections such as septi-
caemia and endocarditis [1]. By contrast, cephazolin is somewhat less stable than
cephalothin and is therefore, not a good drug for the treatment of these types of
infections. However, comparative animal data is conflicting and clinically, cepha-
zolin has been used to treat endocarditis. These differing results may be explicable
by the fact that different strains of Staphylococcus aureus produce different
B-lactamases, where some easily hydrolyse cephazolin and some do not [1].

Cefuroxime and cefaclor are more stable than standard moderate-spectrum
cephalosporins to some Gram-negative [-lactamases and more active against
Haemophilus influenzae. For respiratory tract infections, cefuroxime is preferred to
cephalexin or cefaclor because of superior pneumococcal activity [1, 2].

Cefoxitin has significant anaerobic activity, with 60-70 % of Bacteroides
fragilis being susceptible. It has a limited role for prophylaxis in the bowel and
gynaecological surgery and for the treatment of severe pelvic inflammatory disease.
However, metronidazole provides superior cover against most anaerobes [1, 2].
Cefoxitin is also used in the treatment of non-tuberculous Mycobacteria [3, 4].

Broad-spectrum cephalosporins include cefotaxime, ceftriaxone, cefepime, cef-
tazidime and ceftaroline. Cefotaxime and ceftriaxone have a wide spectrum of
activity covering the majority of community-associated enteric Gram-negative rods.
The activity of these drugs against B. fragilis varies, but neither is as active as
cefoxitin. These drugs are less active against staphylococci than earlier cephalos-
porins and are inactive against methicillin-resistant Staphylococcus aureus
(MRSA). They do not have clinically useful activity against enterococci. However,
unlike earlier cephalosporins, they are effective in meningitis, because of better
penetration and a higher intrinsic activity in the cerebrospinal fluid. Some organ-
isms (e.g. Serratia, Citrobacter and Enterobacter species) have chromosomal
cephalosporinases and resistance may develop during treatment. Plasmid-mediated
extended-spectrum [-lactamases (ESBLs) (e.g. in E. coli, Klebsiella pneumoniae,
Enterobacter species) also inactivate both of these drugs, so alternative therapy is
indicated. Cefotaxime has better activity against staphylococci than ceftriaxone, and
does not require co-administration with flucloxacillin for empirical therapy of
staphylococcal infections. Ceftriaxone has a longer half-life than cefotaxime and is
usually given once daily except in ICU where twice daily dosing is often used [2].

Ceftazidime and cefepime have an extended spectrum of activity covering the
majority of the enteric Gram-negative rods, including Pseudomonas aeruginosa.
Both drugs are inactivated by the ESBL enzymes, and ceftazidime may be inacti-
vated by the chromosomal cephalosporinases. Cefepime is more active than cef-
tazidime against Gram-positive organisms [1, 2].

Ceftaroline, the active metabolite of the prodrug ceftaroline fosamil, is a new
cephalosporin with in vitro bactericidal activity against a broad range of pathogens
commonly implicated in complicated skin and soft tissue infections and
community-acquired pneumonia [2]. Due to its high affinity for penicillin binding
protein (PBP)-2a, ceftaroline is active against MRSA. Compared with alternative
B-lactam antibiotics within the penicillin and cephalosporin classes, ceftaroline also
has relatively high binding affinities to PBP-AA, -2B and -2X proteins, conferring
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its activity toward penicillin resistant Streptococcus pneumoniae. Currently, based
on in vitro susceptibility testing, ceftaroline is active against various Gram-positive
bacteria, including vancomycin and lincomycin resistant Staphylococcus aureus
and Streptococcus pyogenes. It is also active against Enterococcus faecalis,
including vancomycin resistant strains. With respect to Gram-negative bacteria,
ceftaroline is active against Klebsiella pneumoniae and Haemophilus influenza,
including B-lactamase positive strains [5].

Pharmacodynamic Target

Cephalosporins are hydrophilic drugs with limited solubility in adipose tissue and
are dosed based on the duration of the drug’s free concentration above the minimum
inhibitory concentration (MIC) i.e. fTspic. Cephalosporins are deemed efficacious
when the fToyc exceeds 60-70 % of the dosing interval [6]. In other words, the
efficacy of cephalosporins is time dependent or proportional to the time that the
target concentration is kept above the MIC. In surgical prophylaxis, effective
treatment requires effective tissue concentrations at incision and closure [7]. The
optimal concentration is mostly two to four times the MIC of the pathogen, but this
will be higher for some organisms.

The MIC for 90 % (MICyg) of methicillin sensitive Staphylococcus aureus
(MSSA) isolates may differ between countries and hospitals, but it is usually around
1 mg/L. in Europe [8]. For Gram-negative organisms and/or in the treatment of
critically ill patients, in general, B-lactam therapy is considered adequate when
serum concentrations remain above 4 mg/L and less than 8 mg/L during an optimal
period of time i.e. 70 % for cephalosporins [9].

For organisms for which the fT.pc is important, it follows that increasing doses
or frequency or even using continuous infusions will improve the pharmacody-
namics of the antibiotic [10, 11].

Pharmacokinetic Changes in Obesity

Hydrophilic medications such as cephalosporins have relatively low volume of
distribution (V), which usually require ideal or adjusted (0.4 (total body
weight-ideal body weight) body weight dosing, however this has not been shown
with all drugs [10].

V and clearance of cephalosporins are both increased in obese subjects compared
with non-obese subjects; however the change in clearance is less well defined [12].
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The increase in V can be explained by the partial distribution into adipose tissue,
with concentrations ranging from 12 to 21 % of plasma concentrations [13].

The relationship between clearance and body size is not clear, with conflicting
results being reported from different studies. In one study, in which obese patients
were treated with ceftazidime or cefepime, an augmented renal clearance, i.e.
creatinine clearance >150 mL/min, was associated with a failure to attain thera-
peutic concentrations for Pseudomonas aeruginosa with the potential for worse
clinical outcome. There was no association between clinical outcome and body size
descriptors [9].

On pharmacokinetic grounds, it is hypothesized that adequate free-antibiotic
tissue concentrations are more important than plasma concentrations in determining
prophylactic antibiotic efficacy. Multiple factors influence the distribution of
antibiotic molecules from the plasma into the tissues. Such factors include simple
diffusion rates, plasma protein binding, active transport, and tissue-site metabolism
[14].

Tissue distribution is particularly important in surgical prophylaxis, where high
tissue concentrations for the duration of surgery are required. Under normal con-
ditions and weight, blood flow in fat is poor and accounts for approximately 5 % of
cardiac output, whereas in the lean tissues this is 22 %. In morbid obesity, the
percentage of fat per kilogram of total body weight is increased relative to lean
tissue mass. Therefore, blood flow per gram of fat is greatly reduced in the morbidly
obese patient compared with moderately overweight or lean individuals [15].

Tissue levels of prophylactic antibiotics in obese patients have been found to be
inadequate and sub therapeutic concentrations have been associated with an increase
in wound infections [16]. However, whilst an increase in the dose of cephalosporins
will result in an increase in blood concentrations, this does not correlate with
increased tissue concentrations and/or efficacy [14].

It is generally accepted that only the free unbound drug concentration in tissue
target site mediates antibacterial effects [7]. Any changes in plasma proteins could be
expected to affect free concentrations of drugs. For cephalosporins, the extent of
distribution into interstitial fluid space (IFS) appears to depend on the degree of
protein binding [11], which has been shown to be important in critically ill patients
where standard doses may result in inadequate drug exposure. However, the effect of
obesity on plasma protein binding of drugs is largely unknown. Based on available
data, protein binding of cephalosporins does not seem to alter in obesity [8].

Changes in hepatic metabolism associated with obesity are also largely unknown
[10]. This pharmacokinetic parameter is not generally discussed in studies on
cephalosporins and obesity. Little data exists on changes in absorption of cepha-
losporins in obesity. Intramuscular injections may inadvertently be administered
deep subcutaneously but it is unknown if this will have an impact on absorption or
efficacy [10].
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Review of Existing Literature

A summary of relevant studies is shown in Table 3.1. Most of the data concerning
dose optimization of cephalosporins comes from their use in surgical prophylaxis to
prevent surgical site infection. Obesity remains an independent risk factor for
development of surgical site infections, despite use of antimicrobial prophylaxis.
While other factors are responsible for the additional risk of surgical site infection,
dose optimization has decreased surgical site infection rates [17].

A number of studies on surgical prophylaxis have been conducted for cephazolin.
The pivotal 1989 study by Forse et al. showed that a 2 g dose in obese patients
produced similar plasma and tissue levels as a 1 g dose in normal patients [16]. On
this basis a 2 g dose was adopted for obese patients and the surgical site infection
(SSI) rate reduced from 16.5 to 5.6 %. Another study in 38 morbidly obese patients
who were given 2 g of cephazolin at incision and another 2 g at 3 h during opera-
tion, showed that even a 2 g dose did not reach therapeutic tissue concentrations,
defined as less than 8 ng/g. Tissue concentrations were sub-inhibitory for 80 % of
Staphylococcal and 39 % of Gram-negative pathogens recovered from the institu-
tion’s surgical site infections [15]. A third study, involving patients with a
body-mass-index (BMI) from 38 to 79 kg/m” showed that 2 g of cephazolin was
sufficient for MSSA with a breakpoint of 1 mg/L. But the authors note that higher
doses or more frequent dosing is required for intermediate resistance [8].

A study by Ho et al. did not show any advantage in increasing the dose of
cephazolin from 2 to 3 g in morbidly obese patients [18]. They found that a 2 g
dose was adequate for surgical prophylaxis, irrespective of the BMI for most
common general surgical procedures lasting less than 5 h.

A more recent study by Pevzner et al. showed that a 2-g dose of cephazolin
administered 30-60 min prior to a Caesarean delivery in obese patients (BMI
30-39.9 kg/m?) or extremely obese (BMI > 40 kg/m?) patients failed to achieve a
targeted MIC of 4 pg/g in 20 and 33 %, respectively, of patients at the time of skin
incision and in 20 and 40 % of patients at the time of incision closure [19]. The
main objective of this study was to assess if the antibiotic tissue concentrations of
prophylactic cephazolin administered as a 2 g dose prior to a Caesarean delivery in
patients with a first-trimester BMI > 35 kg/m” were above the MIC breakpoint for
organisms common in these SSIs, i.e. Gram-negative rods. A targeted cephazolin
concentration threshold of 4 pg/mL for plasma and 4 pg/g for tissue samples was
used as a surrogate measure of adequate treatment. All specimens demonstrated
therapeutic cephazolin levels for Gram-positive cocci (>1 pg/g).

When cefoxitin was administered as a 2 g dose to 14 obese patients, tissue
penetration was markedly reduced compared with normal weight patients who had
received a 1 g dose [7]. Sub cutaneous and adipose tissue concentrations of
cefoxitin were about 22 % that of non-obese patients, despite 2-fold higher plasma
levels being achieved [7]. The authors concluded that a 2 g dose of cefoxitin did not
provide a therapeutic antimicrobial concentration in tissue. Higher doses may be
required in morbidly obese patients.
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Cefuroxime, when administered as a single 1.5 g dose for surgical prophylaxis,
resulted in an adequate tissue concentration to eradicate MSSA for up to 6 h.
However, tissue levels were not adequate for eradication of enteric organisms with
an MIC breakpoint >8 mg/L. No data on oral cefuroxime [20].

In a study involving 11 obese patients and 12 normal weight patients, a 1 g dose
of cefotaxime resulted in similar plasma concentration profiles [21]. The Vd was
increased in the obese group by 50 % and there was a slight increase in clearance.
The authors concluded that standard doses of cefotaxime (i.e. 1-2 g every 12—-6 h)
can be used in obese patients. However, based on available data, plasma concen-
trations are not indicative of tissue levels.

For ceftaroline there are no specific studies on dosing in obesity, however, there
is one publication on the clinical outcome of ceftaroline therapy in a large cohort,
including obese patients [22]. The data was also analysed for a subset of people
considered to be at special risk i.e. obesity defined as a BMI > 30 kg/m?, over-
weight BMI > 25 and <30 kg/m” with diabetes. Standard doses were used in all
patients and clinical success rates (>80 %) were similar in all groups.

For cefepime and ceftazidime there is one study which examined the pharma-
cokinetics of a single 2 g dose of cefepime in 10 morbidly obese patients [6]. The
dosing interval calculated to maintain fTupc for 60 % of the interval was deter-
mined to be 10.2 h including time for infusion. Based on this analysis, an increase
dose of 2 g every eight hours would be necessary in morbidly obese patients with
post-operative infections.

Hites et al. conducted a case control study comparing the pharmacokinetics of
B-lactams, including ceftazidime and cefepime, in obese and non-obese critically ill
patients [9]. No differences were found but there was large variability in plasma
levels and the only recommendation that can be made is to routinely perform
clinical pharmacokinetic monitoring (CPM) this group of patients.

The same authors conducted a study in obese, non-critically ill patients who
received standard doses of cefepime or ceftazidime initially, with adjustments
according to renal function. For Pseudomonas and less susceptible organisms, a
pharmacodynamic target of T > 4MIC needs to be achieved. Only a small number
of patients received this target. In this study, augmented creatinine clearance
(>150 mL/min) was identified as a significant risk factor in failing to achieve target
levels. There are no significant studies for ceftriaxone on its use for treatment of
infections in obese patients [24, 25, 27].

Recommendations

When using cephalosporins for surgical prophylaxis in obese patients a number of
strategies have been described, keeping in mind that most of the data relates to
cephazolin. Doubling the usual dose (1 g) for surgical prophylaxis in patients
>80 kg has now been widely implemented. This was based on the usual dose of
cephazolin being 1 g [7]. Higher doses and/or more frequent dosing of cephazolin
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Table 3.2 Recommended doses of selected cephalosporins in obesity

Drug Dose in Obesity Comment

Cephazolin Prophylaxis 2 g Give a 2nd dose if anticipated surgery is
>3 h or if cover of organisms with
intermediate sensitivities is required

Treatment: For the treatment of serious infections
2 gevery 6 h doses up to 12 g/day have been used i.e.
2 gevery 4 h
Cefoxitin Prophylaxis: 2 g Administer a second dose of cefoxitin 2—

3 h after the initial dose to obese patients
undergoing prolonged surgeries

Treatment: Consider continuous infusion if high
2 gevery 4 h concentrations are required

Cefotaxime Use standard doses up to a
maximum of 12 g a day
Ceftaroline 600 mg every 12 h No data

Cefepime 2 g every 8-12 h, initially For Pseudomonas and less susceptible
organisms consider continuous infusions
and therapeutic drug monitoring

Ceftazidime |2 g every 8 h, initially For Pseudomonas and less susceptible
organisms consider continuous infusions
and therapeutic drug monitoring

Ceftriaxone Use standard doses up to a
maximum of 4 g a day in two
divided doses

may be required in patients with BMIs > 60 kg/m?, when aiming to cover
organisms with intermediate resistance [17]. However, there is no data on increased
efficacy associated with doses of cephazolin >2 g for surgical prophylaxis. Repeat
doses, e.g. a second dose after the initial prophylactic dose, have been recom-
mended for obese patients undergoing prolonged surgery (see Table 3.2).

For treatment, use the maximum recommended doses. A shorter dosing interval
may be used for some cephalosporins (cephazolin, cefepime and ceftazidime). In
critically ill patients who are being treated with anti-Pseudomonal cephalosporins,
CPM has been recommended in combination with a consideration for continuous
infusions. This strategy could also be applied when anti-Pseudomonal cover is
required in non-critically ill obese patients, especially in patients with augmented
clearance, i.e. creatinine clearance > 150 mL/min. A summary of these recom-
mendations is shown as Box 1 below.

e For surgical prophylaxis, doubling the “usual” dose is recommended
when referring to 1 g doses.

e For surgical prophylaxis—in general—give a second dose in obesity
when prolonged surgery is anticipated and/or when covering organisms
with intermediate resistance.
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e For treatment, use standard doses more frequently, up to the maximum
daily dose.

e When treating Pseudomonas, consider continuous infusions and clinical
pharmacokinetic monitoring where applicable.
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Chapter 4
Aminoglycoside Dosing in Obesity

Janattul-Ain Jamal and Jason A. Roberts

Abstract Achieving a high C,,,,/MIC ratio is necessary for maximal killing effi-
cacy of aminoglycosides. Although the effect of obesity on aminoglycoside phar-
macokinetics can be variable, a higher initial aminoglycoside dose is generally
required to rapidly achieve the desired therapeutic target concentration. Accurate
initial dosing regimens can be achieved by using a correction factor for obesity
when estimating a volume of distribution (V). While for subsequent doses, thera-
peutic drug monitoring (TDM) remains an essential tool to guide dosing and to
prevent unwanted adverse events such as nephrotoxicity.

Keywords Aminoglycoside - Dosing - Obesity

Introduction

Aminoglycoside antibiotics are obtained from microorganisms of the genus
Streptomyces (e.g. streptomycin, neomycin, kanamycin, tobramycin and amikacin)
or the genus Micromonospora (e.g. gentamicin, sisomicin and netilmicin), which
structurally contain either two or three amino sugars that are linked with
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2-deoxystreptamine [1]. Generally, the aminoglycosides are strongly polar cations,
stable in the pH range of 68, with basic characteristics. They are water soluble and
distribute widely throughout the extracellular space in humans (e.g. 25 % of the
lean body mass). They are primarily (~95 %) excreted via the kidneys.
Aminoglycosides have poor absorption from the intestinal tract and poor penetra-
tion into the cerebrospinal fluid and the intracellular space.

Aminoglycosides have a very broad spectrum of microbiological activity, which
includes organisms from Gram-positive cocci to Gram-negative bacilli [2, 3].
However, aminoglycosides are not clinically effective against any anaerobic
organisms. The mechanism of action of aminoglycosides involves binding to the
surface of bacteria, transportation through the cell wall, and binding to the 30s
ribosomal subunit. This action interferes with protein synthesis which will
eventually lead to bacterial death [1].

Pharmacodynamic Targets

Aminoglycosides predominantly display concentration-dependent bactericidal
activity against most aerobic Gram-negative bacilli and select Gram-positive, such
as methicillin-resistant staphylococci (in combination with other agents) [2—4].
Generally, many studies have identified that achieving a high ratio of maximum
concentration and minimum inhibitory concentration (C,,,,/MIC), is likely to result
in maximal killing efficacy by aminoglycosides (see Fig. 4.1) [5-7]. A high peak
concentration, relative to the MIC of the infecting pathogen (C,,.x/MIC), has been a
strong predictor of clinical response for aminoglycoside therapy in a retrospective
analysis of patients with Gram-negative bacterial infection [5]. Additionally, other
studies have quantified an optimal C,,,,/MIC ratio of 8-10 to be associated with a
high level of therapeutic response to aminoglycoside therapy [6, 7].

The area under the concentration-time curve (AUC) has also been identified as a
significant parameter related to efficacy of aminoglycosides, in animal infection
models (see Fig. 4.1) [8]. In addition, data also supports the use of the AUC_54/
MIC ratio as a predictor to guide dosing that can maximise aminoglycoside efficacy
[9, 10]. In this context, achieving the AUCy_,4/MIC ratio between 80 and 160 has
been advocated as an aminoglycoside exposure associated with maximal bacterial
killing effects [9, 11].

Pharmacokinetic Changes in Obesity

The pathophysiological changes related to obesity could alter the main pharma-
cokinetic parameters related to dosing, the volume of distribution (V) and clearance
of many drugs, including aminoglycosides. Generally, obesity may not have a
significant impact on drug absorption [12]. However, varied changes are expected
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Maximum concentration (Cpay)

Cinax/MIC = 8-10

Concentration (mg/L)

Minimum inhibitory concentration (MIC)

AUC/MIC = 80-160 ;

Time (hours)

Fig. 4.1 The pharmacokinetics/pharmacodynamics indices of aminoglycoside. Abbreviations
AUC = area under the concentration-time curve; Cp.x = maximum concentration and
MIC = minimum inhibitory concentration

on drug V, which depends on body composition, regional blood flow, drug
lipophilicity and plasma protein binding. Significant changes in drug clearance can
be expected, particularly for those drugs that are primarily renally eliminated, due to
influence of increasingly body weight on increasing glomerular filtration [13].

The effect of obesity on aminoglycoside V is variable. A lower relative
aminoglycoside V has been observed in pharmacokinetic studies of tobramycin and
gentamicin in obese patients when compared to normal subjects [14, 15].
Conversely, other studies have shown that the aminoglycoside V is significantly
larger in morbidly obese patients [14—18]. Overall, most studies are in agreement
that a correction factor, between 0.3 and 0.5 should be added to a calculation using
total body weight (TBW) and ideal body weight (IBW), to normalize the V to that
observed in non-obese patients (non-obese patient V ~ 0.26 L/kg) [14-18].
Accurately predicting aminoglycoside V using a correction factor (e.g. 0.4) (see
Eq. 4.1), will lead to a better estimation of the initial dose of aminoglycosides that
is required to rapidly achieve the desired aminoglycoside therapeutic targets, par-
ticularly when treating less susceptible pathogens.

V(L) = 0.26 x [IBW + correction factor (TBW — IBW)] (4.1)

The clearance of different aminoglycosides (e.g. gentamicin, tobramycin and
amikacin) was found to significantly increase in morbidly obese patients as
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compared to normal weight patients. Overall, no significant difference was observed
in the elimination half-life between the morbidly obese and normal weight patients
[19], because the relative changes to clearance and V cancel each other out, leaving
the elimination half-life unchanged. Although calculating the creatinine clearance
(CrCL) using the Cockcroft-Gault equation has led to a better prediction of the
gentamicin elimination rate constant, clearance and elimination half-life [20], it is
recommended that, when based on TBW, the Salazar-Corcoran calculation [21]
(see Eq. 4.2) is overall more accurate in estimating the CrCL of the obese patients
[22, 23]. Therefore, this calculation should be considered when adjusting drug
dosing in obesity.

1. Creatinine clearance (male) (mL/min)
[137 — Age] x [(0.285 x Weight (kg)) + (12.1 x Height (m?))]
51 x Serum creatinine (mg/dL)

2. Creatinine clearance (women) (mL/min)
[146 — Age] x [(0.287 x Weight (kg)) + (9.74 x Height (m?))]
60 x Serum creatinine (mg/dL)

Review of Existing Literature

Gentamicin and tobramycin pharmacokinetics were evaluated in 26 obese and
non-obese subjects who received a low dose of 1 mg/kg [14]. The observed serum
concentrations were significantly higher in obese patients, while the observed V
was relatively lower in these patients. However, based on lean body mass, the
observed V was greater in obese subjects, which has highlighted that gentamicin
and tobramycin do not penetrate significantly into adipose tissue. Normalization of
V using a value corresponding to 40 % of likely adipose mass in obese subjects
resulted in a V value that closely resembled that of the non-obese subjects (note that
this 40 % value is more likely to reflect extra lean muscle rather than adipose tissue)
[14]. Similarly, another study has showed that the normalization of the observed
tobramycin V values using 58 % of adipose weight has resulted in values close to
that observed in non-obese patients [18]. This finding was also observed in other
studies, in which a correction factor between 30 and 45 % was required to nor-
malize the V of aminoglycoside in obese patients [15, 17].

Higher drug clearance has commonly been observed in obese patients as com-
pared to the normal-weight patients [19, 24]. In one study, gentamicin pharma-
cokinetics were evaluated in 60 patients that were grouped into obese and
non-obese [24]. Overall, the observed gentamicin clearance was 25 % higher in the
obese group. Similarly, in another pharmacokinetic study evaluating different
aminoglycosides (gentamicin, tobramycin and amikacin), all drug clearances were
approximately 90 % higher in the morbidly obese group when compared to the
normal-weight group [19]. Although the observed aminoglycoside clearance was
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higher in the obese group, the increment is usually proportional to the increased in
V in these patients, thus a similar elimination rate constant and elimination half-life
is observed between obese and non-obese patients [14, 18-20, 24]. Therefore, this
might indicate that adjustment of the dosing interval may not be necessary when
dosing in obese patients, but the magnitude of the dose should be tailored to the
patients adjusted body weight.

Recommendations

Aminoglycoside dosing in obesity is challenging, because of the interrelationship
between physiological changes related to obesity and the physicochemical char-
acteristics of this class of drugs. Concentration-dependency is the predominant
killing effect for aminoglycosides. Therefore, administration of a higher initial dose
is required to rapidly achieve the desired peak concentration that can exceed the
target MIC by a ratio of 8—10. Appropriate V estimation using a correction factor
(see Eq. 4.1) is useful in determining the correct initial dose, based on the desired
peak concentration that can achieve the targeted PK/PD target.

For subsequent doses, the usual standard dosing regimens can be used as a
guide, such as 5-8 mg/kg for gentamicin, tobramycin and netilmicin, and 15—
30 mg/kg for amikacin. Dosing weight correction factors should be considered for
accurate aminoglycoside dosing [16] (see Eq. 4.3). Extended interval dosing
(>24 hourly) should be considered in patients with renal dysfunction, which can
occur in obese patients with nephropathy secondary to diabetes mellitus. TDM
remains essential to guide time to next dose, particularly due to its narrow thera-
peutic index. While the timing of re-dosing based on TDM data (or accurate GFR
determination) is beneficial to describe the clearance of a particular drug in an
individual patient.

Dosing weight = 0.4 x (TBW — IBW) +IBW (4.3)

Equation 4.3 defines the recommended equations that should be used for obese
patients.
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Chapter 5
Fluoroquinolones

Renee Dimond, Rahul P. Patel and Syed Tabish R. Zaidi

Abstract Fluoroquinolone antibiotics are frequently used in a variety of indica-
tions in hospital and outpatient settings due to the availability of an oral dosage
form. The pharmacokinetics of this particular class of antibiotics varies significantly
among individual agents, thus preventing a uniform approach to dose adjustment.
Relatively more data is available for ciprofloxacin and levofloxacin compared to
other agents in this class. This chapter outlines the available literature of pharma-
cokinetic changes in obese patients and the recommend dosing for specific agents.
Flouroquinolone antibiotics have significant dose related adverse effects and
therefore, the clinical need of a flouroquinolone should be carefully considered
before using them in obese patients, who are likely to receive higher than the
usually recommended doses.

Keywords Ciprofloxacin - Moxifloxacin - Levofloxacin - Dosing - Adverse
effects -+ Obese

Introduction

The fluoroquinolones are an important class of broad-spectrum antimicrobials,
which are effective against a variety of bacterial agents that cause community and
nosocomial infections [1]. Notable members of this class are ciprofloxacin, gati-
floxacin, levofloxacin, moxifloxacin, norfloxacin and ofloxacin. They are bacteri-
cidal and work by blocking the enzymes DNA gyrase and topoisomerase IV to
inhibit bacterial DNA synthesis [1]. The development of increasing bacterial
resistance to these enzymes has limited the use of fluoroquinolones to infections
where other agents are considered ineffective or contraindicated [1].
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Pharmacodynamics Target

Fluoroquinolone antibiotics are generally considered broad-spectrum agents.
Significant differences exist within their spectrum; for example, moxifloxacin has
an extended spectrum of activity against Gram-positive and anaerobic organisms,
whereas it has less activity against Gram-negative organisms. On the other hand,
ciprofloxacin is comparatively more active against resistant Gram-negative
organisms such as Pseudomonas, Shigella, Salmonella and Neisseria spp when
compared to moxifloxacin [1]. Notably, levofloxacin is effective against S.
pneumonia while retaining its anti-pseudomonal activity [1].

Two pharmacodynamics indices have been reported that correlate with the
anti-infective efficacy of the fluoroquinolones:

— The area under the curve (AUC) to minimum inhibitory concentration
(MIC) ratio (i.e. AUC/MIC)

— The maximum plasma concentration at steady state (Cyax, ss) and MIC ratio (i.e.
Conax, 5/MIC) [2-4].

As such, larger doses given less frequently can maximize the bacterial cell
killing when fluoroquinolones are used for clinical infections.

Pharmacokinetics Changes in Obesity

The pharmacokinetics (PK) of this particular class of antibiotics varies significantly
among individual agents, thus preventing a uniform approach to dose adjustment.
Alterations in pharmacokinetic parameters in obese patients have been noted in
several studies [3, 5-8]. The following section will summarize the available
pharmacokinetic data for each agent.

The clearance (CL) of ciprofloxacin has been shown to increase in obese indi-
viduals [5]. The increase in clearance is likely to be due to an increase in volume of
distribution (V), suggesting that ciprofloxacin distributes less into adipose tissue
than other body tissues [2]. Peak plasma concentration has been shown to reduce in
obesity as well as AUC, likely due to the increased V displayed in obese patients [5,
6]. Oral bioavailability of ciprofloxacin has been shown to be impaired in obese
patients in the early post-operative period. Given the possible confounding of
post-surgical changes in V of medications, the observed reduction in oral
bioavailability cannot be attributed solely to obesity [6].

Levofloxacin displays high inter-individual variability with regards to its PK in
obesity [3, 8]. In a single case report of levofloxacin, using double the recom-
mended dose in treating a morbidly obese patient for pneumonia, the authors found
CL and C,,,x to be similar to non-obese patients [§]. The AUC was twice the
normally reported value and V was substantially increased as well [8]. Pai et al.
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studied the effects of various size descriptors on the CL and AUC of levofloxacin in
68 patients ranging in weight from 98 to 250 kg [3]. Levofloxacin doses of 250 to
1500 mg per day were used and the AUC values only exceeded 250 mg.h/L in
patients receiving >1000 mg (higher than the recommended doses) who also have
mild to moderate renal impairment (Creatinine clearance [Cr CL] <50 ml/min) [3].
The total body weight of patients has no effects on the CL. Patient height was the
only parameter that correlated well with the CL of Levofloxcain [3].

The only study reporting the PK of moxifloxacin in obese patients (Body Mass
Index [BMI] 43-58 kg/mz) is by Kees et al. [7]. The authors studied the disposition
of moxifloxacin in 17 obese males undergoing gastric bypass surgery. All patients
received a daily oral dose of moxifloxacin (400 mg) for three consecutive days
prior to surgery, followed by an intravenous (IV) dose of 400 mg on the day of
surgery [7]. Adequate blood samples were taken at regular intervals following each
oral dose and after the IV dose to calculate various PK parameters. Additionally,
tissue samples of small intestine, greater momentum and subcutaneous tissues were
collected to examine the tissue distribution of moxifloxacin. There were no sig-
nificant differences observed in V, CL, AUC or C,,,x of moxifloxacin in the study
when compared to the reported values of these parameters from normal weight
subjects [7]. Tissue concentrations in the small intestine were greater, whereas the
concentrations in adipose tissues were lower in obese patients when compared to
the published values of normal subjects [7]. Ideal body weight (IBW) and lean body
mass have a higher correlation with CL when compared to total body weight
(TBW) in this study [7].

The authors of this chapter were unable to locate any study of other flouro-
quinolones (ofloxacin, gatifloxacin etc.) in obesity.

Review of Existing Literature

Ciprofloxacin

Significant changes in the pharmacokinetics of ciprofloxacin in obese patients were
noted in a single dose by Allard et al. [5]. A single intravenous dose of ciprofloxacin
400 mg was given to 17 obese male adults (BMI of 36.4 + 3.9 kg/mz) with 11
matched normal weight controls. Total body and renal clearance was significantly
increased in obese subjects compared to controls. The increase in total body clear-
ance was attributed to a 23 % increase in V at steady state observed in the obese
group [5]. Significant decreases in C,,,,x and AUC were also noted in the obese group
compared to the normal weight controls with no changes in the time to peak plasma
concentration (tn,,) or elimination half-life. Based on their results, the authors
recommend adding 45 % of the difference between TBW and IBW
[0.45 x (TBW — IBW)] without a clear justification for such a recommendation [5].

Hackam et al. investigated the effect of the early post-operative period on the
oral bioavailability of a single 750 mg dose of ciprofloxacin in 31 adults; 9 healthy
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controls (group 1), 15 patients within 24 h of elective laparotomy for abdominal
surgery (group 2) and 7 patients within 24 h of laparotomy for peritonitis (group 3)
[6]. Statistically significant reductions in mean AUC and C,,., were found for
groups 2 and 3 along with a non-significant increase in t,, suggesting reduced
oral bioavailability in these groups. No absorption occurred in 27 % (4/15) of the
elective surgery group and 14 % (1/7) of the peritonitis group [6]. Non-absorbers
were noted to be significantly heavier than absorbers (29 % + 6 % over IBW
compared to 15 % £ 3 % over IBW, p < 0.05) [6]. The authors conclude that the
inhibitory effect of increased body weight on AUC and C,,,x most likely results
from an increase in V, although concomitant effects on absorption or metabolism
could not be excluded [6].

The authors noted the probability of eradicating infections was dependent on the
type of bacteria involved. This predictability was based on the differences in the
AUC/MIC ratios [6]. All patients achieved a sufficient AUC/MIC ratio to effec-
tively eradicate E. coli infections; however, only the non-obese control group and
‘absorbers’ obese in the elective surgery group achieved a sufficient AUC/MIC ratio
to eradicate infections due to P. mirabilis [6]. Whereas participants from all three
study groups manifested insufficient levels of ciprofloxacin to successfully eradicate
an infection with S. aureus [6].

Hollenstein et al. [9] compared interstitial space fluid levels of ciprofloxacin in
12 obese adults (BMI 41 + 7.8) and 12 age- and sex-matched lean controls (BMI
19.8 + 1.4). Interstitial space fluid was chosen because most infections take place
in the interstitial space fluid of tissue rather than within cells. Each participant was
given a weight-adjusted intravenous bolus dose of ciprofloxacin (2.85 mg/kg). No
significant difference was found in peak ciprofloxacin concentration or interstitial
space fluid AUC between study groups. Tissue penetration (AUC s/ AUCpasma)
was significantly lower in the obese group suggesting that penetration into the
interstitial space fluid is impaired in obesity. The authors concluded that cipro-
floxacin dose should be based on actual body weight to achieve the same tissue
concentration as those found in lean subjects [9].

A 57 year old, 250 kg man was treated with intravenous ciprofloxacin (800 mg
12 hourly) to manage complicated cellulitis [10]. The ciprofloxacin dose was based
on the work of Allard et al. [5]. Treatment continued for 19 days, the peak
ciprofloxacin levels were estimated on day four and were found to be within the
therapeutic range. No apparent adverse reactions were reported and clinical cure
was achieved [10]. Another case report involving a 45 year old critically ill male
with a BMI 53.7 kg/m? and receiving continuous venovenous hemodiafiltration,
was administered an intravenous dose of 800 mg every 12 h to treat presumed
lumbar osteomyelitis. Microbiological cure was achieved though the patient died
from a non-infectious aetiology. The authors based their dose on the findings of
Hollenstein et al. [9], which was equivalent to a weight-adjusted dose based on
actual body weight of 4.3 mg/kg [11]. This equates to the recommended dose of
400 mg (4-5 mg/kg) for non-obese patients.
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Levofloxacin

Luque et al. [8] reported a pharmacokinetic study of a single adult patient with
severe morbid obesity (BMI 56.2 kg/m?), receiving levofloxacin for a lower res-
piratory tract infection. The dose was based on an actual body weight adjusted
calculation of 4 mg/kg 12 hourly (750 mg per dose IV), which the authors note is
based on the ciprofloxacin dosing recommendation from the study by Holleinstein
et al. [9]. The half-life and steady state V were increased in the obese patient as
compared to values reported in the non-obese. The authors attributed this finding to
the significant distribution of levofloxacin into excess weight [8]. The AUC was
doubled, which most likely reflects the twice daily dosing regimen and the C,,,x and
CL were similar to that reported with standard daily dosing. No adverse reactions
related to levofloxacin occurred. IV levofloxacin continued for 6 days followed by
a switch to oral levofloxacin (500 mg 12 hourly for 4 days) which resulted in
clinical cure [8].

Sanchez-Navarro et al. [4] investigated the pharmacokinetics of levofloxacin in 9
Caucasian, critically ill adults, requiring artificial respiratory support for deterio-
ration of chronic respiratory impairment [4]. Seven of the nine enrolled participants
had a TBW greater than 30 % above their IBW. All received standard dosing with
500 mg intravenous levofloxacin per day administered over 60 min. High
inter-individual variability was shown for the plasma concentration profiles
achieved, as well as steady state C,,,x, CL, V and AUC [4]. In terms of bacterio-
logical response, the probability of not obtaining the recommended AUC/MIC and
steady state C,,,/MIC ratios, as estimated by Monte Carlo simulation, was
approximately 30 % and 60 %, respectively, in the patients studied [4].

Pai et al. [3] retrospectively reviewed 68 morbidly obese (BMI > 40 kg/mz)
Caucasian adults receiving intravenous and oral levofloxacin, to assess body size
and renal function as predictors of levofloxacin clearance and AUC. The findings
showed that levofloxacin clearance was significantly related to height but not TBW
(p < 0.05) [3]. The authors noted that renal function may be augmented in obesity
due to glomerular hyper-filtration, which may impact the efficacy of levofloxacin,
as it is primarily eliminated unchanged via the kidneys [3]. In patients with aug-
mented renal function (CrCl > 110 mL/min) a fixed levofloxacin dose (750 mg)
was unlikely to achieve the AUC target required for antimicrobial efficacy [3]. As a
result, the authors concluded that an empiric four-category daily-dose regimen (500,
750, 1000, 1250 mg) of levofloxacin, stratified by creatinine clearance (using the
Cockcroft-Gault equation and based on ideal body weight) is expected to have
greater than 90 % probability of achieving effective therapeutic exposure (AUC) in
morbidly obese patients [3].

Cook et al. [12] described the levofloxacin pharmacokinetics following a single
dose (750 mg IV) in 12 hospitalised and 3 ambulatory obese adults (mean BMI
50 kg/mz). The authors found no difference in C,,,,x and V of levofloxacin between
ambulatory and hospitalised obese patients when compared to normally reported
published values [12]. Variable AUC and clearance were noted and ambulatory
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obese patients were found to have increased levofloxacin clearance and a subse-
quently lower AUC when compared with the acutely ill hospitalised patients [12].
Additionally, the mean AUC of both obese groups was slightly higher when
compared with the AUC of non-obese individuals [12].

Moxifloxacin

Kees et al. [7] investigated the pharmacokinetics of moxifloxacin in 12 morbidly
obese adults (BMI > 40 kg/m?) scheduled for gastric bypass surgery. Plasma
pharmacokinetics from the study patients were reported as comparable to that of
historic data in normal weight subjects [7]. Mean tissue concentrations in the small
intestine were found to be double the plasma moxifloxacin concentration.
Comparatively, adipose tissue concentrations were significantly lower in obese
patients when compared to normal weight individuals. No serious or clinically
relevant adverse events, drug related adverse reactions or changes in laboratory or
electrocardiographic parameters occurred during the study. The authors conclude
that the pharmacokinetics of moxifloxacin is not significantly affected by morbid
obesity and no dose adjustment seems to be necessary in this particular population
[7].

Colin et al. [13] undertook a population pharmacokinetics analysis in combi-
nation with pharmacokinetic-pharmacodynamic simulations to determine if ade-
quate moxifloxacin concentrations are achieved in obese patients. The twelve
enrolled participants had previously undergone bariatric surgery at least 6 months
prior to inclusion. Moxifloxacin was administered as 2 doses of 400 mg, separated
by a one-week washout period [13]. The first dose was administered as a tablet and
the second as an intravenous infusion. The authors found that lean body mass
(LBM), rather than total body mass should be used in the prediction of moxi-
floxacin pharmacokinetics [13]. The probability of attaining the recommended
AUC/MIC target for a hypothetical S. pneumoniae infection approaches zero using
the standard 400 mg moxifloxacin dose in patients with a LBM of >78 kg [13].
The authors conclude that the standard moxifloxacin dose of 400 mg is not suffi-
cient for obese individuals where LBM exceeded 78 kg [13].

Recommendations

The available evidence supports the use of higher than usually recommended
dosing for ciprofloxacin and levofloxacin in obese patients. Given the limited data
on the clinical effectiveness and safety of higher than usually recommended doses
of these agents, a number of factors beyond the PK variations warrant close con-
siderations. Fluoroquinolones are associated with significant adverse effects, such
as QTc interval prolongation, especially when used concomitantly with interacting
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medications known to increase QTc interval, hepatotoxicity, seizures, myalgia and
fungal super-infections. Additionally, relevant microbiological data such as MIC of
the bacteria being treated should also be considered prior to the use of fluoro-
quinolones in obese patients, as higher MICs are often associated with a failure to
attain recommended AUC/MIC ratio.

Ciprofloxacin should be dosed as 4 mg/kg/dose using actual body weight up to a
maximum of 800 mg/dose twice daily. Frequent dosing (every 8 h) may be con-
sidered in critically ill patients due to significant variability in the PK of cipro-
floxacin in this patient group [14]. Given the variability in the dosing of
levofloxacin among obese patients, we recommend an initial starting dose of 500—
750 mg, 12 hourly, followed by a renal adjusted dose, based on the Pai et al. study,
in the range of 500-1250 mg per day. This is because some increase in V has been
noted for levofloxacin and an initial high dose will be able to achieve the recom-
mended AUC/MIC ratio. Given the limited information on moxifloxacin dosing, we
recommend the use of either ciprofloxacin or levofloxacin in obese patients to treat
non-tuberculosis regimen. It is extremely important that obese patients receiving
high dose fluoroquinolones are closely monitored for cardiovascular, neurological
and metabolic adverse effects.
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Chapter 6
Carbapenems

Tara Anderson

Abstract Carbapenems are broad spectrum beta-lactam antibiotics and are
important therapeutic agents for the treatment of infections caused by resistant
Gram-negative bacteria. There are five agents commercially available for clinical
use; imipenem, meropenem, doripenem, ertapenem and faropenem. The spectrum
of activity against Gram-positive bacteria, anaerobic organisms and Gram-negative
bacteria varies according to the agent. The objective of this chapter is to summarise
the existing literature in relation to the pharmacodynamic targets and pharma-
cokinetic parameters, particularly as they relate to dosing in the obese patient. There
is limited literature available related to the optimisation of a dosing strategy in this
patient group but the pharmacokinetic data suggests that obesity predominantly
influences both the distribution and clearance of carbapenem antibiotics. Depending
on the individual circumstances (the presence of any of the following conditions:
critical illness, augmented renal clearance, renal replacement therapy, less sus-
ceptible organism, Acinetobacter spp. or poor initial clinical response) considera-
tion may need to be given to increasing the dose from standard dosing
recommendations and/or administering the antibiotic as an extended infusion,
complemented by the use of therapeutic drug monitoring.

Keywords Carbapenem - Imipenem - Meropenem - Doripenem - Ertapenem -
Faropenem

Introduction

The carbapenems are broad-spectrum beta-lactam antibiotics. They are important
therapeutic agents for the treatment of infections caused by resistant Gram-negative
bacteria. Widespread use of carbapenems, however, has been associated with
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increasing prevalence of multi-resistant pathogens, including methicillin-resistant
Staphylococcus aureus and multi-resistant Gram-negative bacteria, as well as
Clostridium difficile infection and hence, the use of carbapenems should be
reserved [1].

Imipenem, meropenem and doripenem have broad spectrum in vitro activity
against Gram-positive bacteria, anaerobic organisms and Gram-negative bacteria,
including Pseudomonas spp. and extended spectrum beta-lactamase (ESBL) and
AmpC-producing Enterobacteriaceae. These agents do not have activity against
Stenotrophomonas maltophilia or methicillin-resistant S. aureus (MRSA).
Meropenem and doripenem do not provide useful activity against Enterococcus
faecalis either, but imipenem does [2].

Ertapenem provides a similar spectrum of activity as the aforementioned car-
bapenems, but has poor activity against Pseudomonas spp., Acinetobacter spp. and
Enterococcus spp. [2].

Faropenem is an orally administered carbapenem antibiotic. It provides broad
spectrum in vitro activity against Gram-positive bacteria, anaerobic organisms and
Gram-negative bacteria, including ESBL and AmpC-producing Enterobacteriaceae.
It does not have activity against MRSA, vancomycin-resistant Enterococcus fae-
cium, Pseudomonas aeruginosa or S. maltophilia [3].

Pharmacodynamics Target

The carbapenems all have similar pharmacokinetic properties. As with other
beta-lactam agents, they exhibit time-dependent bactericidal activity and the most
important pharmacokinetic/pharmocodynamic (PK/PD) parameter predicting bac-
teriological and clinical efficacy is the time (fT) in which the free drug concen-
tration remains above the minimum inhibitory concentration (MIC) (f Tsppc). For
carbapenems, a fTopic > 20 % of the dosing interval is required for bacteriostatic
effects, while a fToyic of >40 % achieves bactericidal effects, but these data were
primarily derived from in vitro and animal studies [4]. The target f Toymic however
may differ based on the clinical scenario, such as the site and severity of infection,
causative organism and specific patient factors.
A commonly used pharmacodynamic target for carbapenems is:

40 % free drug concentrations (fT) above the minimum inhibitory concen-
tration (MIC) (i.e. 40 % fTopic)-

On the basis of in vitro and in vivo experiments, a maximum Kkilling effect is
reached at a concentration of 4 x MIC, which may therefore represent the target
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concentration for the pathogen strains. In critically ill patients, dosing of car-
bapenem therapy is often modified to maximize the carbapenem PK/PD target
attainment by either increasing the drug dose, the infusion time, or both, often
accompanied by therapeutic drug monitoring [2].

Pharmacokinetic Changes in Obesity

Obesity may be associated with changes in absorption, distribution, metabolism and
clearance of antimicrobials [5]. Carbapenem PKs have been found to be altered in
obese patients when compared with healthy volunteers and non-obese patients
[6, 7]. The changes of most significance to the carbapenem antibiotics appear to be
those affecting both their distribution and clearance.

Carbapenem antibiotics are hydrophilic, preferentially distributing into lean
tissues and they do not distribute well into adipose tissues. Obesity is associated
with changes in both the amount and the ratio of lean and adipose tissue. The
volume of distribution of these drugs may be increased in obesity, due to both the
increase in lean tissue as well as an increase in total body water, as approximately
30 % of adipose tissue is water. Likewise, plasma volume is correlated with body
weight [8, 9].

Clearance of carbapenem antibiotic in obesity varies and may either be
increased, due to an increase in kidney mass and global filtration, or decreased, due
to comorbid kidney disease, such as chronic hypertensive or diabetic nephropathy.

In non-critically ill patients, the meropenem pharmacokinetics have been found
to be similar in obese and non-obese patients [6]. In critically ill patients receiving
meropenem, however, the volume of distribution has been found to be larger and
the clearance higher in obese patients when compared with non-obese patients, but
the difference was not found to be statistically significant. The median body mass
index (BMI) in this study population was 40 kg/m”. The pharmacokinetics of
meropenem are unknown in patients with larger BMIs [10].

The change in the volume of distribution of the central compartment has been
found to be significantly larger and the area under the serum concentration-time
curve (AUC) significantly smaller in morbidly obese volunteers who received a
single 1 g dose of ertapenem compared with normal weight volunteers [7].

Review of Existing Literature

The appropriate carbapenem dosage regimen in obese adults is unclear, due to the
limited data available and careful consideration of the appropriate dosage regimen
for each individual circumstance is critical. There is limited information in relation
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to carbapenem dosing in obese children. It is recommended that extrapolation from
available adult data be undertaken and that carbapenems should be dosed according
to total body weight (TBW) [11].

The available literature in non-critically ill and critically ill patients is summa-
rized below.

Non-critically Ill Patients

Carbapenem pharmacokinetics and pharmacodynamics have not been well studied
in obese patients outside the intensive care setting. Few studies have investigated
the effects of obesity on the PK/PD of carbapenems, the studies that are available
have been summarized below:

1. Meropenem

In a PK/PD study by Kays et al. the steady state pharmacokinetics and pharma-
codynamics of meropenem were evaluated in obese patients hospitalized on a
general ward. With the use of a standard dosage regimen (i.e. 1 g meropenem
(30 min infusion) every 8 h), the probability of PD target (40 % fT-c) attainment
was >90 % at MIC < 4 mg/L. When the cumulative fraction of response (CFR) at
40 % fTomic Was evaluated against 8 g-negative organisms, the standard dosage
regimen (outlined above) achieved a CFR >98 % for the Enterobacteriaceae, but it
only achieved a CFR of 94.3 % for P. aeruginosa and 70.6 % for Acinetobacter
spp. Extending the infusion from 30 min to 3 h improved the CFR to 95.8 and
72.7 %, respectively [6].

In a recent study by Hites et al. in which obese, non-critically ill patients
received a standard dosage of 1 g meropenem every 8 h, 93 % reached T > MIC
for Enterobacteriaceae and P. aeruginosa but only 21 % reached T > 4 x MIC.
The only risk factor detected for failure to reach the PD target was high CrCL,4,
and it was demonstrated that as the creatinine clearance (CrCL,4;,) increased, the
percentage of patients with adequate serum concentrations decreased. Only patients
with a CrCL of less than 80 ml/min had a high probability (>90 %) of attaining
therapeutic serum concentrations when treating infections due to P. aeruginosa
[12]. Augmented renal clearance is not well recognized in obese patients outside the
critically ill setting.

The evidence would suggest that the standard dosage regimen of 1 g meropenem
(30 min infusion) every 8 h provides adequate exposure for Enterobacteriaceae
and P. aeruginosa in the setting of a high CrCL,4, however, there is a risk that the
PD target will not be obtained, particularly for P. aeruginosa [12]. Alternative
dosage regimen or drug therapy, however, may need to be considered for
Acinetobacter spp. [6].
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2. Doripenem

In the recent PK/PD study by Kays et al. the steady state pharmacokinetics and
pharmacodynamics of doripenem in obese patients hospitalized on a general ward
was evaluated. With the use of the standard dosage regimen (i.e. 500 mg doripenem
(1 h infusion) every 8 h), the probability of PD target (40 % fTomic) attainment
was >90 % at MIC < 2 mg/L [6]. When the CFR at 40 % fT.nc was evaluated
against 8 g-negative organisms, the standard dosage regimen (outlined above)
achieved a CFR >98 % for the Enterobacteriaceae but only achieved a CFR of
88.8 % for P. aeruginosa and 64.6 % for Acinetobacter spp. Increasing the dose to
1 g 8-hourly and extending the infusion from 1 to 4 h, improved the CFR to 96.9 %
for P. aeruginosa and 71.1 % for Acinetobacter spp. [6].

The standard dosage regimen of 500 mg doripenem (1 h infusion) every 8 h,
provided adequate exposure for Enterobacteriaceae. For P. aeruginosa, prolonging
the infusion of 500 mg every 8—4 h and/or increasing the dose to 1 g every 8 h, will
be needed to provide optimal coverage but alternative dosage regimen or drug
therapy may need to be considered for Acinetobacter spp. as none of the dosage
regimens provided optimal coverage [6].

3. Ertapenem

Standard dosing of ertapenem (i.e. 1 g daily), has been demonstrated to be insuf-
ficient to achieve a 90 % probability of target attainment (PTA) for maximum
bactericidal activity (i.e. 40 % fTsnmic) for organisms at any MIC (i.e. 0.25 pg/mL
and above) in normal weight, obese and extremely obese adults. Obese adults were
unable to achieve 90 % PTA for bacteriostatic activity (i.e. 20 % fTomic) for
organisms with a MIC > 0.25 mg/L [7].

A recently published study investigating the PK/PD characteristics of ertapenem,
when administered to obese Caucasian female patients (BMI ranging between 42.5
and 58.5 kg/m?) for surgical prophylaxis, determined that the optimal PK/PD target
could not be obtained with the currently proposed dose of 1 g for organisms with a
MIC within the current susceptibility breakpoints (i.e. MIC 0.25-0.5 mg/L) [13].

Optimal dosing regimens for ertapenem are unclear in the setting of obesity and
should be carefully considered, particularly for treating infections due to organisms
with a MIC > 0.25 mg/L.

4. Other

There is no published literature on the other carbapenems in obese patients in the
non-critically ill setting.

Critically Ill Patients

Carbapenems may be influenced by a number of pharmacokinetic changes in the
intensive care setting, such as an increased volume of distribution, modified
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antibiotic clearance, modified protein binding and/or modified tissue penetration.
A recently published editorial summarizes the challenges of the altered pharma-
cokinetics and augmented renal clearance on antibiotic dosing in this patient
population [14]. In addition, large carbapenem PK heterogeneity has been noted
in the literature between critically ill patients, further complicating the situation
[15, 16].

The use of renal replacement therapy (RRT) in the intensive care setting may
also influence drug clearance in the critically ill patient and makes individual
antibiotic dosing challenging. Recent publications have examined the impact of
RRT on carbapenem dosing requirements in the critically ill:

e A recent paper by Jamal et al. reviewed the evidence for the impact of variation
in RRT settings and meropenem clearance in the intensive care. The RRT
intensity (as determined by the effluent flow rate) has been demonstrated to
influence the extracorporeal elimination of meropenem. Although different
dosing strategies were used, meropenem dosing achieved the desired PK/PD
target in 89 % of cases for MIC < 2 mg/L, but for pathogens with
MIC > 2 mg/L, alternate dosing strategies were recommended to improve
PK/PD target attainment, such as extended or continuous infusion [17].

e A recent paper by Roberts et al. described the doripenem population PK and
dosing requirements for critically ill patients receiving continuous venovenous
haemodiafiltration and standard dosage regimen of doripenem (500 mg infusion
(60 min) 8-hourly). All patients achieved favourable PK/PD for up to a MIC of
4 mg/L [18].

e The PK of ertapenem was recently studied in 8 critically ill patients (mean
weight 78.9 kg) receiving continuous venovenous haemodialysis or haemodi-
afiltration. Monte Carlo simulations were performed to evaluate the ability of
several ertapenem dosing regimens to obtain effective unbound serum concen-
trations. All of the regimens used, including the standard regimen of 1 g erta-
penem daily, produced unbound ertapenem concentrations above 2 mg/L for
40 % of the dosing interval for at least 96 % of the simulated patients and for a
mean of 90 % of the dosing interval. The authors concluded that in patients
receiving CRRT, where there is a substantial degree of ertapenem clearance,
particularly in those infected with organisms with high MICs, a higher dose of
ertapenem than routinely recommended, may be required [19].

Carbapenem therapy is often preserved for indications where antimicrobial
resistance is suspected or confirmed, making the optimization of the dosage regi-
men for carbapenem therapy critical in this context. This relates to optimizing the
clinical outcomes as well as minimizing the selection of drug-resistant strains.
Optimizing dosage regimens in the critical care setting is highlighted by the fol-
lowing publications:

e Roberts et al. compared the plasma and subcutaneous tissue concentration-time
profiles of meropenem, administered by intermittent bolus dosing or continuous
infusion, to critically ill patients with sepsis and without renal dysfuntion in
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assessing the CFR against Gram-negative pathogens, including less susceptible
P. aeruginosa and Acinetobacter spp. Administration of intermittent bolus
dosing (500 mg-1 g 8-hourly) was sufficient for Enterobacteriaceae but did not
achieve 40 % fT.nc against P. aeruginosa and Acinetobacter spp. High doses
of meropenem by extended or continuous infusion was required to achieve 40 %
SfTomic against P. aeruginosa and Acinetobacter spp. [20].

e Langan et al. tested whether an extended 3-h infusion of meropenem (500 mg)
achieved an equivalent proportion of time above the MIC (%Tyc) to that of
meropenem (1 g) given over 30 min in 10 heterogeneous critically ill patients. It
was identified that the 2 regimens achieved a similar PK/PD profile and for low
MIC (<2 mg/L), both regimens attained a %Tyyc > 40 % in all patients. For
an MIC of 4 mg/L, this target was attained in 9 out of 10 patients but with an
MIC of 8 mg/L, 3 of the patients had a %Tyc < 40 %. Patients who had a
CrCL > 100 ml/min had significantly greater meropenem clearance than the
other patients, regardless of which regimen was used, and would be at risk of
poor target attainment [21].

e Jaruratanasirikul et al. have described the administration of a 4-h 2 g mer-
openem infusion every 8 h as having the highest PTA and CFR when treating
critically ill patients with ventilator-associated pneumonia and causative
organisms with an MIC of 4 mg/L, when compared with other dosage regimens
[22]. Similar findings have also been demonstrated for doripenem, particularly
in critically ill patients with neutropenia [23].

There is limited literature in relation to carbapenem pharmacokinetics and
pharmacodynamics in the obese, critically ill patient. The available literature is
summarized below:

1. Meropenem

Steady-state pharmacokinetics and pharmacodynamics of meropenem in morbidly
obese critically ill patients was studied in a recent paper by Cheatham et al. and
with a dosage regimens of meropenem of 500 mg, 6 hourly or 1 g, 8 hourly,
infused over 30 min, the probability of PD target (fT.nc of 40 %) attainment
was >90 % at a MIC of <2 mg/L. At a MIC of 4 mg/L, only 2 g every 8 h and
1 g every 6 h achieved a PTA >90 %, none of the 30-min infusions studied
achieved >90 % PTA for MIC > 8 mg/L. Prolonging the infusion time to 3 h
enhanced the dosage regimen. For pathogens with an MIC of 8 mg/L, 2 gevery 8 h
and 1 g every 6 h, infused over 3 h achieved a PTA > 90 %. Based on this study,
routine dose escalation of meropenem may not be required in morbid obesity as
standard dosing regimens achieve adequate PD exposures for susceptible patho-
gens. However, larger doses administered by prolonged infusion will be necessary
for pathogens with MIC > 4 mg/L [24].

An example of this is demonstrated in a published case report by Taccone et al.
which described a 70 year old obese man (120 kg weight and BMI 35 kg/m?) who
was treated with meropenem for a multi-resistant P. aeruginosa (MIC 8 mg/L)
ventilator-associated pneumonia complicated by bacteraemia. He clinically
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improved when the meropenem regimen was optimized to obtain at least 40 % of
4 x MIC by changing his regimen to 3 g, 3 h extended infusion, 6-hourly [25].

A case control study published by Hites et al. highlighted the potential role of
therapeutic drug monitoring in obese critically ill patients, as the obese critically ill
patients, not receiving CRRT in this study, had lower antibiotic serum concentra-
tions of meropenem than the non-obese group, with a trend to higher clearance and
total volume of distribution in the obese patients, making appropriate dosage pre-
dictions difficult [10].

2. Doripenem

Optimal doripenem dosing was simulated in critically ill nosocomial pneumonia
patients with obesity, augmented renal clearance and decreased bacterial suscepti-
bility in a recent paper by Roberts et al. [26]. Patients were administered either 250
or 500 mg doses of doripenem as 30-min, 1 or 4-h infusions. The simulations for
the 1-h infusion demonstrated that all patients achieved high PTAs against a MIC of
2 mg/L or less, but for a MIC of 4 mg/L, the 100 and 135 kg patients had a lower
likelihood of achieving the PD target of 40 % fToppc. Administration of 500 mg
doripenem via a 4-h infusion led to higher PTAs for the heavier patients, supporting
the use of extended infusions in obese patients, particularly for organisms with a
MIC 4 mg/L. None of the 500 mg IV 8-hourly regimens maintained sufficient drug
exposures at an MIC 8 mg/L. It was the recommendation of the authors that an
extended infusion of doripenem may be considered in patients with an increased
total body weight and/or elevated creatinine clearance.

Table 6.1 Standard carbapenem dosage recommendations for adult patients

Carbapenem | Standard dosage regimen for initial carbapenem therapy in adult patients with
normal renal function
Susceptible Susceptible P. aeruginosa or Acinetobacter
Enterobacteriaceae spp-
Meropenem Meropenem Meropenem MIC < 2 mg/L
MIC < 2 mg/L 41 g IV 8-hourly (30 min infusion)
1 g IV 8-hourly (30 min
infusion)
Doripenem Doripenem Doripenem MIC < 1 mg/L 1 g IV 8-hourly
MIC < 1 mg/L (4-h infusion)
500 mg IV 8 hourly (1-h
infusion)
Ertapenem Ertapenem No activity
MIC < 0.5 mg/L
‘1 g IV daily

“For Central Nervous System infections, 2 g intravenous (IV) 8-hourly (30-min infusion) is
recommended [1]

Consider extending the infusion to 4-h infusion in obese patients

“Consider increasing the dose to 1 g, 12 hourly in obese patients and/or where the causative
pathogen’s minimum inhibitory concentration (MIC) 0.25-0.5 mg/L
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Recommendations

Standard carbapenem dosing of meropenem and doripenem should be sufficient for
the majority of clinical indications in an obese adult patient, but consideration
should be made to further optimize the dosage regimen, i.e. consideration of either a
higher dose and/or an extended infusion complemented by therapeutic drug mon-
itoring, if available, if the patient has any of the following conditions:

Critical illness

Augmented renal clearance

Renal replacement therapy

Infection with less susceptible organism (i.e. high MIC)
Infection with Acinetobacter spp.

Poor initial clinical response.

Refer to Table 6.1 for guidance for standard dosage regimens for adult patients.
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Chapter 7
Glycopeptides and Antibiotics
for Gram-positive Bacterial Infections

Syed Tabish R. Zaidi and Brett Janson

Abstract Glycopeptides, lipopeptides and other antibiotics, such as linezolid and
quinupristin/dalfopristin, are exclusively used for the treatment of infections caused
by Gram-positive bacteria. Limited information is available about the dosing of these
antibiotics in obese patients. This chapter aims to summarise the available evidence
on the dosing of glycopeptides, lipopeptides, linezolid and quinupristin/dalfopristin
in obesity. Specific dosing recommendations are also provided to aid clinical deci-
sions making with regards to dosing of these antibiotics in obese patients.

Keywords Vancomycin - Daptopmycin - Glycopeptides - Lipopeptides
Linezolid - Quinupristin/dalfopristin - Obese « Dosing

Introduction

Glycopeptides

Vancomycin is the only true glycopeptide antibiotic, as it contains two glucose
moieties (glyco) on a five aromatic ring (peptide) [1]. Teicoplanin, on the other
hand, contains a long chain of acyl (lipid) groups in addition to the glycopeptide
and therefore, is better classified as glycolipopeptide [1]. The same is true for all the
new members of this class, such as oritavancin, dalbavancin and telavancin, which
should chemically be referred to as lipoglycolipopeptides [1]. Nevertheless, all such
antibiotics are often grouped together as glycopeptides in clinical practice [2] and
therefore, this chapter will discuss them all under one section.
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Despite the significant pharmacokinetic (PK) limitations [3] and the emergence
of resistance [1, 2], vancomycin is still considered as a first-line agent for the
treatment of infections caused by methicillin-resistant Staphylococcus aureus
(MRSA) [4]. Teicoplanin, though mainly known for its preferable pharmacokinetic
profile and once-daily dosing advantage, has been shown to be effective against
some of the vancomycin-resistant enterococci (VRE), mainly the vanB subtype [1].
Newer agents, such as dalbavancin and telavancin, are ineffective against
vanA-containing VRE, like vancomycin and teicoplanin [1, 5]. Oritavancin is the
only newer lipoglycopeptide that is effective against both the vanA and vanB
subtypes of VRE [6] and therefore offers a benefit over and above the pharma-
cokinetic advantages of the newer glycopeptides.

Pharmacodynamic Target

The ratio of the area under the curve (AUC) and the minimum inhibitory concen-
tration (MIC) (denoted as AUC/MIC) is the preferred pharmacodynamic (PD) index
that determines the rate and extent of the bacterial killing capacity of glycopeptides
[2]. Most of the available PD data are for vancomycin, and a ratio of
AUC/MIC > 350 has been suggested, initially based on data from pneumonia [7].
A number of subsequent studies have questioned the validity of this ratio, suggesting
both lower (AUC/MIC > 350) [8] and higher (AUC/MIC > 550) ratios [9].
Needless to say, the differences in MIC measurement methods, the difficulties in
accurately measuring AUC, an the increasing incidence of isolates with higher MICs
and different susceptibility patterns across hospital organizations pose unique
challenges in the routine implementation of targeting the AUC/MIC ratio as a
standard practice for individualised dosing [10]. As a result, the trough concentration
(Cpuin) of vancomycin is in common use as a surrogate measure of the AUC/MIC
ratio, even though it is not considered highly accurate. Trough concentrations of 15—
20 mg/L are recommended for serious Gram-positive infections where vancomycin
is indicated [11]. Attaining the PD target of an AUC/MIC of 400 is challenging,
particularly when the pathogen has an MIC of >1 mg/L, even when a C,,;, of
20 mg/L is achieved [10]. This raises the question of whether vancomycin should be
used when dealing with bacteria that have an MIC > 1 mg/L.

The AUC/MIC ratio has also been suggested for teicoplanin as the preferred PD
index. The recommended target ratio for AUC/MIC (>345 mg h/L) is based on data
from febrile neutropenia patients [12]. Further support for this model came from the
Hagihara et al. [13] study, which investigated the effects of the recommended target
trough concentration of teicoplanin in critically ill patients with an MRSA infection.
Patients who failed to respond to treatment had an average AUC of 652 mg h/L,
compared to the responders who attained an average AUC closer to 900 mg h/L.
Given the susceptibility breakpoint of MIC < 4 mg/L for teicoplanin [14], the
targeted AUC/MIC ratio of >345 is most likely unattainable for bacterial strains at
the higher end of the susceptibility range, given the current dosing approaches. This
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has been objectively confirmed in a Monte-Carlo simulation study where the
probability of teicoplanin achieving AUC/MIC > 345 was 50 % for isolates with a
MIC of close to 2 mg/L, despite using the higher end of teicoplanin dosing
(800 mg/day) [12].

All of the newer synthetic lipoglycopeptides are potently bactericidal compared
to vancomycin and teicoplanin, with susceptibility breakpoints for most bacteria
under MIC < 0.25 mg/L [2]. The AUC/MIC ratio remains the preferred PD index
defining their antimicrobial activity [15]. Target AUC/MIC ratios for dalbavancin,
telavancin and oritavancin are 214-331, >404 and >11,982 respectively [15, 16].

Pharmacokinetic Changes in Obesity

As expected, the majority of studies reporting glycopeptide PK in obese patients are
related to vancomycin with little information available on teicoplanin. Three PK
parameters have principally been shown to be affected [17]:

— An increased volume of distribution (V)
— An altered vancomycin protein binding
— Changes in renal clearance (CL) [17].

Changes to the volume of distribution are predominantly due to the increase in
mass associated with obesity, including the increase in muscle mass and connective
tissue required to support and maintain the additional adiposity. These changes will
affect loading dose requirements as well as the frequency and dose of maintenance
dosing. Changes in plasma proteins, in particular, o,-acid glycoprotein, have the
potential to change the free fraction (f) of vancomycin, which may further affect
changes in the volume of distribution and the proportion of the drug that is available
for renal clearance. Obesity tends to result in an increased renal clearance of drugs,
including vancomycin, due to several physiological changes, including an increased
glomerular filtration rate and an increased renal plasma flow. The plateau of this
increase in renal function is subject to debate, but a point of 100 kg has been
suggested.

There is only sparse information about the PK changes of teicoplanin in obese
patients. One study that reported the development of an outpatient parenteral
antibiotic protocol included patients weighing up to 146 kg [18]. Though the study
did not detail changes in V and CL specific to obese patients, the authors stated that
Ideal Body Weight (IBW) was better in describing the V of teicoplanin than total
body weight (TBW) [18].

Though specific studies investigating PK differences in obese patients are not
available for newer lipoglycopeptides, clinical trials investigating the effectiveness
of these agents included obese patients, and some data is available on the effects of
body weight and height on the V and CL of these agents [19-21]. No significant
variation, up and above the expected inter-individual variability, in the V or CL of
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oritavancin, was noticed that can be attributed to the weight or body mass index
(BMI) of patients [19]. A significant linear relationship between the V and CL of
dalbavancin and the weight and body surface area (BSA), respectively, has been
noted, suggesting an increase of these parameters in obese patients [21]. Similarly,
both CL and V of telavancin increased linearly with increases in weight suggesting
a higher V and CL in obese patients [22].

Review of Existing Literature

Vancomycin and Teicoplanin

A number of studies have investigated the dosing of vancomycin in obese patients,
though comparing these is difficult due to the inconsistent definitions of obesity
across these studies [17, 23-26]. Despite the uniform approach of defining obesity
based on the BMI, only a few studies have used this metric, and others have relied
on relative percentages (ranging from >120-190 %) of Lean Body Weight
(LBW) or IBW.

The earliest study [24] in 4 normal weight healthy males and 6 morbidly obese
post-surgical patients showed a strong correlation between TBW and both V and
CL of vancomycin. Mean serum vancomycin concentrations were less than
10 mg/L in obese patients at 4 h post-infusion. The authors recommended patients
be dosed on TBW and suggested more frequent dosing of lower maintenance doses
(e.g., every 8 h instead of every 12 h) to avoid high transient peak concentrations.
The study was limited by the fact that it was a single dose PK study and patients
were not treated for any infection, and therefore, no clinical outcomes were
applicable. Additionally, there was a significant variation of TBW within the 6
obese patients included in the study (111-226 kg). The study did not utilise mg/kg
dose, but calculated the reported dosing requirements based on PK parameters
derived from a single dose study.

Bauer et al. [23] studied dosing requirements of vancomycin in 24 morbidly
obese patients (165 & 46 kg), who were receiving antibiotic treatment as
in-patients with matching normal weight control patients. A significant increase in
vancomycin clearance was observed in obese patients and the authors concluded
that a vancomycin dose of 30 mg/kg/day (based on TBW) is needed in obese
patients to maintain a mean trough concentration of 7 mg/L [23]. Reynolds et al.
[27] compared the performance of a high dose vancomycin protocol with a standard
dosing regimen in achieving target therapeutic levels of vancomycin (i.e. 10—
20 mg/L) in obese patients as a retrospective cohort study. The high dose was
defined as 15-20 mg/kg q8-12 h (30—45 mg/kg/day) whereas the standard dose
was defined as 10 mg/kg ql12 h or 15 mg/kg q24 h. Standard dosing regimens
resulted in better target trough attainment (59 % vs. 36 %) in patients and lower
toxic concentration (18 % vs. 55 %) thus maximising the effectiveness and
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minimising the potential dose related toxicity. Importantly, a greater proportion of
patients also had lower than recommended trough concentration (23 % vs. 9 %).
While the above two studies addressed some of the limitations of the Blouin et al.
study [24], no clinical outcomes were reported [23, 27].

Kosmisky et al. [28] used a different protocol in morbidly obese patients (defined
as >100 kg and >140 % of their IBW). The protocol was developed after an
internal audit found that the IDSA protocol was associated with supra-therapeutic
trough levels (>20 mg/L) in patients weighing >100 kg. The protocol used a 20—
25 mg/kg loading dose (maximum 2.5 g; 25 mg/kg reserved for critically ill) fol-
lowed by a 10 mg/kg maintenance dose given every 12-24 h depending on renal
function (>65 mL/min and 35 to <65 mL/min, respectively). More than half of the
patients did not reach recommended trough concentration of >10 mg/L, and only
one third of the patients achieved a trough level of 10-20 mg/L.

Hong et al. [29], in their most recent study of 150 patients, have examined the
effect of a two sample (peak and trough concentration) vs. a traditional single
sample (trough concentration) strategy on the attainment of target trough concen-
trations in morbidly obese patients. The percentage of patients who attained the
recommended trough concentration on the first measurement was similar between
the two groups. However, significantly more patients attained the recommended
trough concentration of >10 mg/L (31 % vs. 65 %) in the group dosed according to
the two sample measurement [29]. The average loading dose used in the two sample
group was 20 mg/kg, the average maintenance dose was 15 mg/kg, and the most
common frequency was every 12 h. Importantly, 25 % of patients in the single
measurement group and 30 % of the patients in two sample measurement group had
a first trough concentration that was more than 20 mg/L (i.e. supra-therapeutic or
undesirably high) [29]. The authors reported that the use of TBW for the initial dose
calculation was likely to be the source of this overestimation of the initial loading
dose, resulting in a higher than accepted trough concentration. This was further
supported by their regression analysis, where the V did not show a linear rela-
tionship with TBW (R = 0.01). It is important to note that this regression analysis
was based on actual two-level measurements and not on population PKs.

Compared to vancomycin, there is a scarcity of published data on teicoplanin
dosing in obese patients. Hagihara et al. [13] investigated 33 patients (34—101 kg)
and showed that patients with a higher exposure to teicoplanin had a better out-
come, and recommended a target AUC (0-24) on the third day of treatment of
800 mg h/L. A variety of loading schedules were used, with higher doses having
higher rates of achievement of the target AUC. Brink et al. [30] recommended a
loading dose of 6 mg/kg every 12 h for 48 h, followed by once daily doses for
infections other than infective endocarditis, septic arthritis and osteomyelitis, for
which they suggested that higher doses might be warranted. Pea et al. [31] com-
pared a standard loading dose (400 mg every 12 h for 3 doses followed by 400 mg
daily) with a more aggressive approach (800 mg then 400 mg Day 1, 600 mg then
400 mg Day 2, then 400 mg every 12 h thereafter) and found that in the higher
dosed group, C,,i, averaged >10 mg/L within 24 h, and 21 out of 22 patients had
achieved C,;, > 10 mg/L at 48 h. When using the standard dosing, only 1 out of
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11 patients had a C,;, > 10 mg/L at 96 h. Higher doses of teicoplanin (12 mg/kg
every 12 h for 4 doses followed by daily dosing) were also required in a critically ill
population (ventilator-associated pneumonia) to achieve adequate levels [32].

Newer Lipogycopeptides

Similar to teicoplanin, limited published data is available on the use of newer
lipoglycopeptides in obese patients. Buckwalter et al. [21] reported a two com-
partmental PK model for dalbavancin, based on 532 patients receiving the antibiotic
for systemic infections. Patient weight in this study ranged from 42 to 320 kg. The
authors found a significant linear relationship between V and BSA, and that dal-
bavancin clearance was influenced by renal function (CrCl) and BSA [21].

A study by Rubino et al. [19] reported the PK of oritavancin in a pooled data
from two trials (SOLO I and SOLO II) investigating its effectiveness in skin and
skin structure infections using a single dose of 1200 mg. The maximum BMI and
weight in the study were 67.4 kg/m? and 178 kg. No significant variation that could
be attributed to the weight or BMI of patients, up and above the expected
inter-individual variability, was noticed in the V or CL of oritavancin [19]. Height
was considered a more significant influence on oritavancin clearance. This is
contrary to an earlier study by the same investigators, where they found a signifi-
cant increase in CL in patients weighing above 110 kg [20]. This study included 46
patients >110 kg, including 7 with a weight between 150 and 200 kg and 3 patients
above 200 kg (max 227 kg). However, it is important to note that this study
investigated much lower doses (200 mg for <110 kg and 300 mg for >110 kg)
[20] compared to the 1200 mg dose used in the most recent study [19]. Other earlier
studies [33] also suggested that higher doses may be required for obese patients,
however, since the adoption of the single high dose, this appears unnecessary.
Interestingly, this paper also noted a clinical and microbiological failure in a patient
with morbid obesity (>2x IBW); this patient also had a host of comorbidities and
was treated using a daily dose [33].

Telavancin pharmacokinetics from a number of previous studies were retro-
spectively described using a PK model [34]. In obese patients, mg/kg dosing was
still considered appropriate, as telavancin is distributed into extracellular fluids.
Renal clearance, the main clearance route of telavancin, is also increased in obese
patients, resulting in a mildly increased AUC (34 % from 627.4 mg h/L in
non-obese patients to 838.0 mg h/LL in obese patients (defined as
BMI > 35 kg/m?)) [34]. In this study, the heaviest patient weighed 314 kg. There
were no other details of a number of obese patients, etc. Obese patients (BMI > 35)
receiving 10 mg/kg intravenous (IV) 24 h had similar rates of clinical cure
compared to non-obese patients (72 % vs. 78 %, significance not reported), similar
results were reported for vancomycin despite suboptimal dosing (1 g IV every
12 hours) [35].
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Recommendations

The recommendations made below have been developed based on existing PK data
with little clinical data currently available to support altered dosing in obese
patients. We recommend that the aggressiveness of the treatment course should be
tailored to the severity of the infection. It is currently unknown at what weight the
below recommendations should be capped (if at all).

Vancomycin—Iloading dose based on TBW as per IDSA recommendations
(15-20 mg/kg, or up to 25-30 mg/kg for severe infections), whether this recom-
mendation should be capped at any particular weight is currently unknown. The
maintenance doses and frequency should be tailored to renal function; a maximum
starting maintenance dose of 1.5 g every 12 hours is suggested only for those with
normal to high renal function (>110 mL/min CrCl). Maintenance doses >2 g
should be avoided; if sub-therapeutic levels are observed with doses of 2 g, the
frequency should be increased, with a concurrent decrease in the individual dose.
For example, vancomycin 2 g every 12 hours can be change to 1-1.5 g every 8
hours. If subsequent levels are still sub-therapeutic at 1.5 g every 8 hours, 1 g every
6 hours should be considered. Caution should be exercised in cases where a total
daily doses >4 g is used because of the associated increase in nephrotoxicity.
Trough level and serum creatinine monitoring should occur prior to the third dose,
with subsequent doses modified accordingly. Another important consideration with
high doses is the adjustment of administration time to 10 mg/min (instead of
standard 1-2 h) to minimise infusion related adverse effects.

Teicoplanin—loading dose of 6—-12 mg/kg q12 h for 3 doses should be used—
the maintenance doses after this should be tailored to renal function and severity of
infection; serum concentration monitoring should be used.

Dalbavancin, oritavancin and telavancin—standard dosing should be used, no
alteration appears necessary for obese patients. Reduce doses as recommended for
renal dysfunction.

Other Antibiotics Used Against Gram-positive Bacteria

Daptomycin, quinupristin/dalfopristin and linezolid are three other commonly used
antibiotics for the treatment of infections caused by Gram-positive bacteria. Given
the limited data on these antibiotics in obesity, the following section will briefly
summarize the available literature to form dosing recommendations.
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Daptomycin

Daptomycin is a relatively new addition to the antibiotic armamentarium. It is the
first in a class of cyclic lipopeptides and is active against Gram-positive organisms,
including MRSA and VRE. The V is approximately 0.1 L/kg, implying a low
concentration in the peripheral tissues. Efficacy is most closely correlating with
AUC/MIC and the maximum plasma concentration (C,,,x) and MIC ratios (C./
MIC) [36].

A single dose (4 mg/kg) PK study of daptomycin in moderately obese, morbidly
obese and normal weight matched control subjects showed an increase in the V,
AUC and renal clearance [37]. Contrary to these findings, the single dose PK study
by Pai et al. [38] found no significant difference between the V and CL of dap-
tomycin in obese and normal subjects. The authors argue that better matching of
control subjects made their study more valid, a fact that was also supported by other
published data on the PK of normal subjects [38]. Regardless of the differences in V
and CL, both studies found a significantly higher exposure of daptomycin in obese
subjects with higher AUC and C,,,x values [37, 38]. A unique additional contri-
bution of the Pai et al. study was their comparative assessment of various equations
to estimate the CL of daptomycin. Based on their analyses, the authors recommend
the use of IBW when estimating renal function for dosing adjustment of dapto-
mycin using the Cockroft-Gault equation [38]. None of the studies reported data
related to the clinical outcomes.

Daptomycin is dosed at 4 mg/kg daily for complicated skin and skin structure
infections and at 6 mg/kg for bacteraemia or right-sided endocarditis caused by
Staphylococcus aureus [39], higher doses have been reported [40, 41]. The
Australian Product Information for Cubicin™ [39] states that no dose adjustment is
required for obese patients. However, the single dose studies mentioned above have
unanimously concluded an over-exposure of daptomycin in obese patients, as
shown as higher AUC and C,,,,, when dosing, is based on TBW [37, 38]. Given the
potential dose related elevation in creatinine kinase (CK) and the increase the risk of
myopathy with higher doses [39], higher AUC and C,,,x associated with dosing
daptomycin based on TBW is not free from additional risks. Ng et al, in their first
comparative study of daptomycin dose based on TBW and IBW, examined the
records of 308 patients who had received daptomycin for at least 72 h [42]. A total
of 185 and 123 patients were dosed based on TBW and IBW, respectively. No
significant differences were observed between patients who received TBW- and
IBW-based dosing on a microbiological or clinical cure. Additionally, no differ-
ences were observed in patients with regards to their BMI and dosing based on
either IBW or TBW. Although patients in the TBW group had a higher incidence of
elevated CK levels than patients in the IBW group, such differences did not reach
statistical significance [42].

An excellent review article [43] has recently summarised the disparity sur-
rounding dosing recommendations between different sources of information and
highlighted both the increased risk of myopathy (as shown by raised creatinine
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phosphokinase (CPK) levels) when using adjusted body weight (ABW) and the
importance of therapeutic drug monitoring in this population, where available.
Interestingly, an ABW (using a factor of 0.4) was used for all patients with a BMI
of >35 kg/m* [43]. Lastly, at least one paper [40] has discussed withholding
HMG-CoA reductase inhibitors (statins) during daptomycin therapy, due to the
potential for increased risk of myopathy. The Australian product information
similarly states “consideration should be given to temporarily suspending use of
HMG-CoA reductase inhibitors in patients receiving daptomycin” [39].

Linezolid

Linezolid is an oxazolidinone antibiotic, which is exclusively used for serious
Gram-positive infections resistant to first line agents, particularly MRSA and VRE
[44]. Linezolid exhibits time dependent PD and it was learned from the animal
model that the antibacterial effect of linezolid is at a maximum when the time the
antibiotic concentration is maintained above the MIC (T > MIC) is 85 % or above
of the dosing duration [44]. Limited human PD studies have further identified that
an AUC/MIC ratio of >100 is an additional predictor of the bacterial killing by
linezolid [44]. Additional data from the compassionate use program of linezolid
further endorsed the importance of an AUC/MIC ratio of 80-120 in maximising the
effectiveness of the skin and soft tissues infections, bacteraemia and pneumonia
[45]. A recent study revealed that an AUC/MIC value of 280 was associated with a
50 % probability of linezolid-induced thrombocytopenia [46].

Stein et al. [47] found that 7 obese patients (>50 % above IBW, weight 101—
195 kg, BMI range 34-73 kg/m?) that were taking oral linezolid q12 h for the
treatment of cellulitis, had a lower C,,,x and AUC when compared to normal weight
(Chax 12.7 mg/L vs. 16.3-24 mg/L, AUCy_;» 92 mg h/mL vs. 138 mg h/L);
however, no treatment failures were recorded. De Pascale et al. [48] studied the
PK/PD of linezolid in 22 critically ill obese patients (BMI 32.3-39.1 kg/m?) that
were being treated for ventilator-associated pneumonia. Linezolid was administered
as an intermittent infusion of 600 mg twice daily in 11 patients whereas the
remaining 11 patients received a loading dose of 600 mg followed by a continuous
infusion of 50 mg/hr. As expected, the percentage of T > MIC was significantly
improved in the continuous infusion subgroup (100 % (100-100) vs. 82 % (54.8—
98.8), p = 0.009 for MIC of 2 mg/L). No comparison was made to normal weight
patients and the results should not be generalised to morbidly obese patients
(BMI > 40 kg/mz). Lastly, two case studies [49, 50] in obese patients (286 kg,
86 kg/m” and 116 kg, 37 kg/m?) showed lower steady state and trough concen-
trations, close to or potentially below the MICq; interestingly, both showed suc-
cessful treatment outcomes. This further highlights the importance of local
susceptibility patterns to guide dose adjustment for individual patients.
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Quinupristin/Dalfopristin

Quinupristin/Dalfopristin (Q/D) is a 30:70 mixture of semisynthetic antibiotics of
streptogramin groups B and A, respectively [51]. Both of these agents are indi-
vidually bacteriostatic when combined, but exhibit bactericidal activity against
MRSA and enterococci resistant to glycopeptide as a 30:70 mixture [51].
AUC/MIC is the PD index that explains the bactericidal activity of Q/D [52].
Limited information is available on the drug dosing of Q/D in obese patients, but no
dose adjustment has been recommended either in elderly or obese patients [53].

One study comparing obese and normal weight patients found an approximate
25 % increase in the C,,x and AUC of Q/D in obese subjects when the dose was
based on TBW. Although the authors noted a better correlation with LBW instead
of TBW, they recommend using TBW when dosing Q/D. The mean TBW in the
study was 108 kg and the findings may not be extrapolated to morbidly obese
patients [54].

Recommendations

Limited evidence supports the use of IBW for dosing daptomycin, although, for
morbidly obese patients (BMI > 35 kg/m?), a better approach will be to consider an
ABW with a factor of 0.4. Given the possibility of elevated CK levels and asso-
ciated myopathy with daptomycin, CK levels should be monitored to identify
patients at high risk of developing this serious adverse effect. It remains unclear
whether dose adjustment is needed for linezolid, although use of a continuous
infusion strategy should be considered for morbidly obese patients, due to the lack
of data and a strong association between T > MIC and therapeutic effectiveness.
Given the limited use of Q/D in clinical practice and the lack of guidance of the
effect of obesity on the PK of this drug, other antibiotics should be considered for
obese patients.
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Chapter 8
Azole Antifungal Agents

Nicolette R. Holt and Karin A. Thursky

Abstract Azole antifungal agents, primarily the triazoles fluconazole, itraconazole,
voriconazole and posaconazole, are in widespread clinical use for the management
of systemic fungal infections. Their application in the prophylaxis against and
treatment of systemic mycoses continues to evolve, with ongoing advancements in
drug delivery, efficacy, monitoring and side effect profiling. Pharmacokinetic
changes and dose guidance for these agents in the obese population will be
addressed following a review of the available literature.

Keywords Triazoles - Fluconazole - Itraconazole - Voriconazole - Posaconazole

Introduction

Azole anti-fungal agents in common use in clinical practice for the treatment of
systemic fungal infections can be classified into two broad groups [1]:

e Imidazoles
— Ketoconazole
e Triazoles:

— First generation: fluconazole, itraconazole
— Second generation: voriconazole, posaconazole, ravuconazole, isavuconaole.
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Ketoconazole has largely been withdrawn from use in the treatment of fungal
infections, as it has been replaced by the newer triazole agents, due to their
improved efficacy and reduce toxicity profile.

Topical triazole preparations used for the treatment of superficial fungal infec-
tions include clotrimazole, econazole and miconazole.

Several triazoles currently in development include albaconazole, isavuconazole
and ravuconazole, which have all displayed potent activity against Aspergilus
spp. and Candida [1, 2].

This chapter will focus on the triazoles in common clinical use, primarily
fluconazole, itraconazole, voriconazole and posaconazole, and their application in
the treatment of systemic mycoses.

Pharmacology and Pharmacokinetics

Ergosterol is a sterol essential to the integrity of fungal cellular membranes.
Ergosterol is absent from membranes of animals, whichmakes it an interesting
molecular target for antifungal agents.

Azole antifungals exhibit their action through the selective inhibition of the
cytochrome P450-dependent enzyme lanosterol 14-alpha-demethylase, which is
essential for the conversion of lanosterol to ergosterol. Disruption of this critical
step in the ergosterol biosynthesis pathway produces membrane instability,
increased cellular permeability and ultimately induces cellular death [3-5].

The triazole agents are primarily considered fungistatic in nature, however
fungicidal activity has also been demonstrated.

The spectrum of activity and clinical applications are detailed further below
under the relevant agents. Refer to Table 8.1 for a detailed summary of their
pharmacokinetic and pharmacodynamic properties.

Fluconazole

Fluconazole has activity against most yeast pathogens, including potent activity
against Candida and Cryptococcus species, but has no clinical utility for treating
mould infections. It is used treat invasive candidiasis where the patient is clinically
stable and where the candida species is presumed susceptible to fluconazole
(e.g. C. albicans) [6], as systemic prophylaxis for yeast infections in immuno-
compromised patients [7], and in the treatment of cryptococcosis (usually after
induction therapy using amphotericin-based regimens) [6].

Fluconazole is available in oral capsules, liquid suspension and intravenous
(IV) injection preparations. It has excellent bioavailability (>90 %) and distributes
widely into tissues, with excellent cerebrospinal fluid (CSF) penetration (60-80 %),
in addition to vitreous, peritoneal fluid, urine and prostatic tissue [8, 9].
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Dosing is the same for IV and oral preparations and is dependent on the clinical
indication. Dose adjustments are recommended in renal impairment if the estimated
glomerular filtration rate (¢GFR) < 50 mL/min, however, the loading dose for the
first 48 h remains the same, irrespective of renal function. Greater than 80 % of the
drug is excreted unchanged in the urine [10, 11].

Fluconazole has a wide therapeutic index and toxicity is generally low. As such,
drug concentration monitoring is infrequently required. Mild elevation of
transaminases occur at rates between 1 and 18 %, depending on the population,
with normalization upon drug cessation [12, 13]. Reversible alopecia and
Stevens-Johnson syndrome have also been reported [14, 15]. The most common
adverse effects are gastrointestinal upset (diarrhoea, nausea, abdominal pain) [16].

Fluconazole has the potential for causing adverse drug reactions due to its
metabolism via the hepatic cytochrome P450 (CYP) enzyme system, however these
are minimal at doses below 200 mg/day [17].

Itraconazole

Itraconazole has an extended spectrum compared to fluconazole, including activity
against Aspergillus spp. and other moulds. It can be used as an alternative pro-
phylactic agent in immunocompromised patients, as sequential therapy for invasive
aspergillosis, and as an alternative agent against histoplasmosis, Scedosporium, and
vulvovaginal candidiasis after failed topical therapy [18].

Itraconazole is available in oral capsule and liquid forms and as an IV injection
with limited availability. Importantly, the capsule and oral suspension preparations
are not bioequivalent—the bioavailability of the oral liquid is 30-60 % higher than
the capsule. Furthermore, itraconazole capsules require an acidic stomach pH for
absorption, meaning that absorption is impaired if taken with proton pump inhi-
bitors [19, 20]. Absorption of the oral liquid is not altered by gastric pH, and
optimal absorption occurs on an empty stomach [21].

Due to its lipophilic nature, itraconazole distributes extensively throughout the
body, with tissue levels significantly greater than plasma. Itraconazole has a high
affinity for keratinous tissues, with high levels occurring in adipose tissues, bone,
liver, spleen and lungs, however only trace amounts in the CSF due to its high
protein binding (>99 %) [9, 22, 23]. Itraconazole undergoes extensive hepatic
metabolism, mainly via CYP 3A4, and inactive metabolites are excreted primarily
in the feces [18].

Gastrointestinal side effects can occur in up to 10 % of users (dyspepsia,
anorexia, diarrhoea) and are more common with the liquid preparation [24, 25]. The
utility of itraconazole is limited by its large variability in plasma concentrations
between preparations, in addition to marked intra- and inter-patient variability in
itraconazole plasma levels, and hence the need for monitoring of serum concen-
trations to assure therapeutic levels (range >0.5-1 pg/mL but <10 pg/mL,
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measured >7 days after therapy initiation) [20, 26, 27]. Itraconazole has largely
been superseded by voriconazole and posaconazole, due to their increased and more
predictable bioavailability and a decrease in the number of side effects.

Voriconazole

Voriconazole is an extended spectrum triazole, active against yeasts, moulds,
including Aspergillus spp., Fusarium and Scedosporium spp., and fluconazole-
resistant Candida infections. Voriconazole is considered the first line agent for
treatment of invasive aspergillosis, with a loading dose of 6 mg/kg IV 12-hourly for
24 h, followed by 4 mg/kg IV 12-hourly [28, 29]. It is used as a fungal prophylaxis
in immunocompromised patients at high risk of fungal infection (acute leukemia,
and allogeneic stem cell transplant) [7].

Preparations of voriconazole include oral tablets and liquid forms and IV
injection. The IV preparation is considered contraindicated if renal function (CrCl)
is below 50 mL/min and a 50 % maintenance dose reduction is recommended in
Class A and B Child-Pugh liver cirrhosis [30]. Voriconazole has the highest oral
bioavailability of the triazole agents, exceeding 90 %, and the oral liquid and tablets
are considered bioequivalent. Absorption is improved if administered on an empty
stomach [28, 31]. Voriconazole has a large volume of distribution (4.6 L/kg) and
penetrates well into the CSF and brain tissues, due to its lipophilic properties
[9, 32].

Because voriconazole displays a non-linear pharmacokinetic profile, any dose
escalation should be carefully considered due to unpredictable increases in serum
levels and half-life [33]. Furthermore, voriconazole plasma concentrations can be
highly variable between individuals, due to CYP2C19 genotype polymorphisms.
The CYP2C19 enzyme is the primary enzyme responsible for the metabolism of
voriconazole. Slow metabolisers (3—5 % of Caucasians and 15-20 % of Asians)
will have supratherapeutic serum levels and will be at risk of dose-related toxicity.
Conversely, approximately 75 % of Caucasians are homozygous extensive
metabolisers, resulting in lower voriconazole exposure [34-36]. Whilst CYP2C19
genotype testing is available, it is currently not routinely utilised. These factors, in
addition to clinical parameters such as age, gender and drug interactions, necessitate
therapeutic drug monitoring, with a target range recommended between 1 mg/L and
5.5 mg/L 5 days after therapy initiation [27, 37].

Voriconazole has several unique toxicities, including transient visual disturbance
in ~30 % of patients, neurologic toxicity, manifesting as hallucinations, photo-
sensitive rash, and it may increase the risk of skin malignancies, especially squa-
mous cell carcinoma. Nail changes and alopecia can also result from long-term
exposure. A rise in hepatic transaminases is also common [27, 38, 39].
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Voriconazole is both a substrate and an inhibitor of the CYP2C19 and CYP2C9
liver enzymes, resulting in many potential drug-drug interactions, including
immunosuppressive agents (cyclosporine A and cyclophasphamide) and antibiotics
(rifampicin and erythromycin) [33, 40].

Posaconazole

Posaconazole has a similar antifungal profile to voriconazole, being active against
yeasts, Aspergillus spp. and Scedosporium spp., but has an expanded spectrum to
also be active against Mucormycetes [41]. Posaconazole can be used as a salvage
therapy or as an alternative in patients who are intolerant of voriconazole in the
treatment of invasive aspergillosis. The IV preparation may become increasingly
utilised as a first-line therapy instead of liposomal amphotericin B (L-AMB) for
murcormycosis [29]. It is used as prophylaxis in patients at high risk of invasive
mould infections (primarily AML, SCT and some solid organ transplants) [7].

Posaconazole is available as an oral liquid, with delayed-release tablets and an
IV preparation approved for use in some countries. The absorption profile of the
oral suspension is highly variable, and is enhanced (up to four times) if taken with a
meal, especially with a high-fat content, and an acidic pH [42, 43]. Importantly,
sub-therapeutic serum levels can result if absorption is impaired (e.g. mucositis).
Therapeutic drug monitoring should be considered in critically ill patients, where
either mucosal integrity or limited caloric intake may lead to reduced serum con-
centrations [37, 44]. The distribution volume of posaconazole is very large at 7-25
L/kg, greater than voriconazole. It is extensively protein bound (>98 %), pre-
dominantly to albumin [41, 45]. Posaconazole has negligible penetration into the
CSF [9].

The tablet preparation of posaconazole has less variation in its pharmacokinetic
profile, with increased bioavailablity and a reduced interaction with food, however,
it currently has limited availability [46].

Current recommended dosing of posaconazole therapy is 200 mg orally 8-hourly
for prophylaxis and 200 mg orally, 6-hourly for treatment of invasive fungal
infections [7, 29]. Dosing above 800 mg/day yields no increase in efficacy with
pharmocokinetics appearing saturated [33].

Adverse effects from posaconazole administration are generally mild, and
include gastrointestinal complaints (nausea and diarrhoea), rash and headache.
Therapeutic drug monitoring can be performed with a trough concentration sampled
after 5-7 days to ensure adequate absorption and therapeutic levels. It has been
recommended in patients requiring posaconazole prophylaxis or treatment, espe-
cially if there is potential malabsorption due to lack of mucosal integrity or in the
paediatric setting due to variable gastrointestinal absorption, to ensure efficacy [27,
40, 47, 48].

Posaconazole is not significantly metabolized, with 15 % undergoing
non-cytochrome P450 hepatic metabolism, primarily via the glucuronidation, with
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the remainder of the unchanged parent drug excreted via the fecal route (77 %), and
minimally via the urine. Hence, adjustment in renal or hepatic insufficiency is not
required [41, 49]. Posaconazole predominantly inhibits CYP3A4, and is associated
with comparatively less drug interactions than the other triazole agents, as it is not a
substrate for the P450 hepatic enzyme system [33].

Pharmacokinetic Changes in Obesity

Increased body fat composition compared to the proportion of lean body weight and
total body water can result in alterations in the pharmacokinetic parameters of the
triazole antifungals. This may have an impact on the efficacy of these agents, with
the consequence of therapeutic failure and antifungal resistance secondary to sub-
optimal dosing or drug-related toxicity at supratherapeutic levels [50, 51].

Unfortunately, dosing of the triazole agents cannot accurately be directed by a
presumed relationship between their degree of lipophilicity and their subsequent
expected propensity to disperse into the increased adipose tissue in the obese
patient.

For example, it cannot be assumed that lipophilic triazole agents (itraconazole,
voriconazole and posaconazole) will all have an increased volume of distribution in
the obese patient, nor can we rely on the hydrophilic agent fluconazole having a
lower volume of distribution and subsequently requiring a different approach to
dose adjustment in order to achieve therapeutic concentrations.

Review of Existing Literature

Limited published data is available detailing the pharmacokinetic changes in obese
patients (body mass index [BMI] > 30 kg/m?) to guide the dosing of triazole
agents in this population.

Most available information exists for voriconazole, with three case reports [52—
54], two retrospective studies [55, 56], and one randomized trial [57]. There are two
case reports detailing the pharmacokinetics of fluconazole in an obese patient [58,
59]. Posaconazole dosing has been examined in the obese patient group in two
studies, in hematopoietic stem cell transplant (HSCT) recipients [60] and in car-
diothoracic transplant recipients [61], and in a recent case report [62].

Currently, there is no data on the pharmacokinetics of itraconazole in obese
patients.

Please refer to Table 8.2 for a detailed summary and Table 8.3 for a brief
overview of recommendations for dosing of systemic triazole agents in the obese
population based on a review of available published literature.
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Table 8.3 Summary of recommendations to guide dosing of triazole antifungal agents in the
obese patient

Fluconazole
+ Dosing: based on LBW
« TDM.: role not established

Itraconazole
+ Data lacking

Voriconazole

* Dosing: based on AdjBW

+ TDM: recommended to establish clinical efficacy and to avoid toxicity
+ Cytochrome P450 2C19 genotype testing in select patients

Posaconazole

+ Limit posaconazole dose to 800 mg per day regardless of BMI

+ TDM: recommended to establish clinical efficacy and to avoid toxicity
AdjBW adjusted body weight, AUC area under the curve, LBW lean body weight, MIC minimum
inhibitory concentration, TDM therapeutic drug monitoring

Fluconazole

A case report by Cohen et al. [58] detailed a male patient with a weight of 185.5 kg
(BMI of 48.3 kg/m?), who was administered 1200 mg daily (6.5 mg/kg total body
weight per dose) of intravenous fluconazole over 14 days for the treatment of
Candida albicans fungaemia. A loading dose was not administered in this case. His
creatinine clearance was 124.9 mL/min [58]. The pharmacokinetic profile demon-
strated an average steady state plasma concentration for the 24-h dosing interval of
23.9 mg/L, a 24-h area under the serum concentration-time curve of (AUC(_,4) of
574.9 mg/L h, and a drug clearance of 139.4 mL/min. Values for the maximum
plasma concentration (C,,,x) and the maximum plasma concentration (C,,;,) could
not be determined due to minimal fluctuations in fluconazole serum concentration.

Compared to published values in both healthy and critically ill patients, the
average concentration was significantly reduced (compared to a C,,,x of 70 mg/L
from studies in normal range BMI patients given the same dose of fluconazole), the
AUC(_,4 was decreased two-fold and the fluconazole clearance was increased.

The authors hypothesized that these changes could be secondary to an increase
in the apparent volume of distribution of this hydrophilic, renally eliminated drug.
They concluded in the obese population, the higher end of the 6—12 mg/kg dosing
range of fluconazole should be administered based on total body weight.

A more recent case report by Lopez and Phillips [59] detailed a 48-year-old man
with a weight of 272 kg (BMI of 84 kg/m?) who was critically unwell and received
support through continuous venous hemofiltration. He was treated with intravenous
fluconazole, dosed according to lean body weight (LBW), received a loading dose
of 1200 mg (12 mg/kg of LBW), which was followed by a maintenance dose of
600 mg daily (6 mg/kg LBW) [59]. The pharmacokinetic values for fluconazole
achieved were a Cp,x of 9.64 mg/L, a C.;, of 5.98 mg/L, an AUC, 4 of
184.75 mg h/L, and a drug clearance of 3.25 L/h.
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Whilst there are currently no consensus guidelines regarding a therapeutic range
for fluconazole, an AUCy_,4 to minimum inhibitory concentration (MIC) ratio that
exceeds 25 is thought to achieve pharmacodynamic efficacy. Given the lack of a
consistent relationship with dose-to-AUC, Lopez and Phillips recommended against
using such a relationship to estimate the required drug dosage in the obese popu-
lation. They recommended that dosing of fluconazole using LBW enabled an AUC:
MIC ratio of greater than 25 to be achievable in the morbidly obese patient.

This highlights that further investigation of fluconazole pharmacokinetics in the
obese population is warranted. However, until further data emerges, dosing
fluconazole in accordance to LBW should enable maximal efficacy in the obese
population.

Voriconazole

In 2011, Pai and Lodise studied the pharmacokinetic profile of oral voriconazole
administered at either 200 mg 12-hourly or 300 mg 12-hourly, in 8 healthy vol-
unteers with a median weight of 133 kg (105-155 kg) and a median BMI of
46.2 kg/m2 (38.4-53.7 kg/mz), they compared the results to a non-obese reference
group. The mean AUC,_;, in the obese group was 14.6 and 29.2 mg h/L in the
200 mg and 300 mg doses, respectively, compared to 9.76 and 30.9 mg h/L in the
non-obese group. A higher average C,,;, was observed in the obese patient group,
0.81 versus 0.35 mg/L for the 200 mg dose and 1.76 versus 1.43 mg/L for the
300 mg dose, respectively. The volume of distribution was similar between the
obese and non-obese patients for both dosing regimens. A strong linear relationship
was observed between the C,,;, and area under the curve AUC,_;, values. The
authors concluded that patient weight was not a significant covariate for the
voriconazole pharmacokinetic profile and recommended voriconazole dosing based
on either LBW or adjusted body weight (ABW) in the obese group [57].

Two retrospective studies were conducted that recommended ideal or adjusted
weight based dosing of voriconazole in obese patients [55, 56].

Koselke et al. [55] evaluated voriconazole serum concentrations in 21 obese
(BMI > 35 kg/m?) and 66 normal-weight patients, who were administered IV or
oral voriconazole at 4 mg/kg 12-hourly based on total body weight (TBW) [55].
The mean serum voriconazole trough concentration was significantly higher in the
obese group dosed on TBW compared to the non-obese group (6.2 vs. 3.5 mg/L),
and there was greater incidence of supratherapeutic levels when dosed on TBW.
Furthermore, mean concentrations varied significantly among obese patients,
depending on if the 4 mg/kg dose was administered according to actual, ideal or
adjusted body weight, with values of 6.2, 4.0 and 3.3 mg/L, respectively.

Davies-Vorbrodt et al. [56] performed a retrospective analysis of serum
voriconazole concentrations stratified based on BMI in 92 haematology patients.
With the intravenous formulation, significantly higher random voriconazole con-
centrations were observed in patients with a BMI > 25 kg/m”> (6.4 mg/L)
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compared to <25 kg/m? (2.8 mg/L). This difference was less marked with the oral
preparation. Increased derangement in hepatic transaminases was observed with
increasing voriconazole concentrations [56].

A case report by Dickmeyer and Kiel [52] described a 30-year-old male
weighing 225 kg (BMI 84.5 kg/m?) who received a course of empiric voriconazole
therapy in the context of neutropenic fever on day 8 post allogenic HSCT.
Voriconazole dosing was based on an adjusted body weight, and a dose of 6 mg/kg
followed by 4 mg/kg PO 12-hourly was administered. The calculated AUC was
41.9 mg h/L, which the authors reported as being similar to values in non-obese
allogenic HSCT recipients (range: 14.8-47.8 mg h/L). Hence, they recommend
adjusted weight based dosing in obese patients receiving stem cell transplants [52].

Two case reports described the pharmacokinetics of voriconazole in obese
patients found to be CYP2C19 homozygous poor metabolisers [53, 54]. In both
reports, the authors suggested that as voriconazole distributes primarily into lean
body tissue, obese patients should receive IV voriconazole therapy based on an
adjusted body weight.

Moriyama et al. [53] studied a 41-year-old male with peripheral T-cell lym-
phoma, a BMI of 36 kg/m® and known chronic renal insufficiency. He was
administered IV voriconazole for pulmonary Aspergillus fumigatus at a loading
dose of 605 mg (6 mg/kg) 12-hourly for 2 doses, followed by a maintenance dose
of 405 mg (4 mg/kg) 12-hourly [53].

The AUC,_;, was measured at 77.8 mg h/L and the steady state C,;, at
6.1 mg/L. Due to a prolonged half-life and a reduced clearance, voriconazole was
ceased 3 days prior to commencement of planned vincristine chemotherapy.

In a 2013 case report, Moriyama et al. administered IV voriconazole for the
management of suspected pulmonary aspergillosis in a 17-year-old Hispanic man
weighing 102 kg (BMI 35 kg/m?). Initially, a dose based on TBW at 500 mg
(4.9 mg/kg) IV 12-hourly for 2 doses, then 420 mg (4.1 mg/kg) IV 12-hourly. This
was subsequently dose reduced to 340 mg IV 12-hourly based on an ABW of 85 kg
(4 mg/kg) due to an elevation in transaminases [54].

Voriconazole pharmacokinetic values after 2.5 days of dosing at 4 mg/kg on
ABW were calculated, with an AUC(_, of 86.1 mg h/L and a C,;, of 6.2 mg/L.
The drug was subsequently ceased due to QTc prolongation.

Voriconazole is considered to be moderately lipophilicity, compared to the
highly lipophilic itraconazole and posaconazole and thus, its volume of distribution
is not as large. However, voriconazole does have a larger volume of distribution
than the hydrophilic fluconazole [39].

The non-linear pharmacokinetic characteristic of voriconazole means that dose
escalation in accordance to a weight-based approach in obese patients can result in a
disproportionately large increase in drug level [63, 64]. Hence, voriconazole dosing
should be based on either lean body weight or adjusted body weight, rather than on
actual body weight. Therapeutic drug monitoring should be utilised to ensure
clinical efficacy, aiming for trough voriconazole concentrations >1.0 mg/L, but
<6.0 mg/L to avoid toxicity [27].



92 N.R. Holt and K.A. Thursky

Posaconazole

Posaconazole pharmacokinetics was described in a case report of an obese
52-year-old male with a BMI of 35.6 kg/m* with graft versus host disease (GVHD)
by Pettis et al. [62]. The patient was administered 400 mg oral posaconazole twice
daily for the management of a presumed invasive fungal infection. Posaconazole
serum concentrations were monitored and found to be significantly lower when
compared to healthy volunteers. However, this particular patient was also receiving
a proton pump inhibitor, which is known to decrease bioavailability of posacona-
zole by 25-30 % [62].

In a study of 17 cardiothoracic transplant recipients by Shields et al. (2011),
median initial posaconazole concentrations were lower in the overweight patients,
measured at 0.43 mg/L. compared to 0.66 mg/L in normal weight patients [61].

Similarly, in a study of 246 HSCT recipients with GVHD receiving 200 mg oral
suspension of posaconazole three-times daily, the median the average plasma
concentration (C,,.) levels decreased as the patient’s BMI increased, with readings
of 1.13 mg/L (<65 kg), 0.88 mg/L (65-80 kg) and 0.81 mg/L (>80 kg). The
authors concluded that minimal clinical correlation was present with a plot of
concentration versus body weight as a continuous variable [60].

Because of the high lipophilicity of posaconazole, there may be a corresponding
decrease in plasma drug concentration in obese patients, risking subtherapeutic drug
exposure. However, dose escalation to account for this may not be straight forward,
as posaconazole demonstrates saturation in absorption at doses exceeding 800 mg
per day, hence, an increase to 1200 mg daily may be ineffective but confer
increased side effects [33, 45].

Further investigations are warranted regarding the impact of body weight on
posaconazole concentrations.

Recommendations

See Tables 8.1, 8.2 and 8.3.
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Chapter 9
Echinocandin Antifungals

Tara Anderson

Abstract Echinocandins are a relatively new class of systemic antifungals with
three agents currently commercially available for clinical use; anidulafungin,
caspofungin and micafungin. They have broad spectrum activity against the
majority of Candida and Aspergillus species and consensus guidelines recommend
echinocandins for the treatment of invasive candidiasis, for salvage therapy for
invasive aspergillosis and for prophylaxis for invasive candidiasis in select high risk
patient groups. There is limited literature available relating to optimising a dosing
strategy in this patient group but the pharmacokinetic data suggests that in obesity,
the echinocandin exposure is less than in leaner patients. The clinical significance of
this is currently not clear and further studies are warranted to explore the appro-
priate echinocandin dosage strategies for this patient group with consideration for
safety and efficacy and the role of therapeutic drug monitoring in dose optimisation.

Keywords Echinocandin - Anidulafungin - Caspofungin - Micafungin
Antifungal - Candidiasis

Introduction

Echinocandins are a relatively new class of systemic antifungal and are increasingly
used in clinical practice because of their fungicidal activity against Candida spp.,
once daily dose administration and limited adverse reactions and drug interactions
[1]. Currently, three echinocandins are commercially available for clinical use;
anidulafungin, caspofungin, and micafungin. They are semi-synthetic lipopeptide
compounds and are only available in parenteral form, owing to their poor oral
bioavailability [1].

T. Anderson (X))

Department of Infectious Diseases, Royal Hobart Hospital,
48 Liverpool Street, Hobart, TAS 7000, Australia

e-mail: tara.anderson@ths.tas.gov.au

© Springer International Publishing Switzerland 2016 97
S.T.R. Zaidi and J.A. Roberts (eds.), Drug Dosing in Obesity,
DOI 10.1007/978-3-319-44034-7_9



98 T. Anderson

Echinocandins have broad spectrum activity against the majority of Candida and
Aspergillus species [1]. Consensus guidelines [2—4] recommend echinocandins for
the following circumstances:

e Candidemia or invasive candidiasis in patients where the organism is unknown
and the patient is critically ill, neutropenic or there are risk factors associated
with azole resistance

e Candidemia or invasive candidiasis in patients where the organism has been
identified to be fluconazole susceptible but the patient is critically ill or
neutropenic

e (Candidemia or invasive candidiasis due to an azole resistant Candida spp.
Refractory or salvage therapy for aspergillosis
Prophylaxis for invasive candidiasis in patients undergoing haematopoietic stem
cell transplantation (HSCT) or patients who are expected to have neutropenia
for > 10 days.

The licensing of the different echinocandins has varied worldwide and the
clinician should be familiar with the prescribing framework within their own
clinical setting.

Pharmacodynamic Target

The echinocandins inhibit the enzyme 1,3-B-D-glucan synthase, blocking the
synthesis of -1,3-D-glucan polymers, which are major components of the cell wall
in most fungal cells, disrupting the integrity of the cell wall [1]. They also exhibit a
‘post-antifungal effect” (PAFE), i.e. suppression of fungal growth after limited
exposure to an antifungal [1, 5].

The echinocandins have also been shown to be active against Candida biofilms
in both in vitro and in vivo studies. These biofilms can form on indwelling medical
devices or mucosal surfaces and may be associated with the development of a
spectrum of clinical syndromes, including invasive candidiasis [6-8].

(a) Candida species

Echinocandins exhibit fungicidal activity against Candida species, including azole
or amphotericin resistant strains. C. parapsilosis and C. lusitaniae tend to have
higher minimum inhibitory concentrations (MICs) (i.e. lowest concentration that
inhibits growth) relative to those observed for more susceptible Candida spp. In
general, however, the three echinocandins display comparable in vitro activities
against Candida spp. [1].

All three echinocandins exhibit concentration-dependent fungicidal activity
against Candida spp. For Candida spp., the antifungal efficacy has been best corre-
lated with both the ratio of peak plasma concentration (C,,x) to MIC (i.e. Cy0/MIC)
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and the ratio of the area under the serum concentration-time curve, AUC(_»4 to MIC
[1, 9] (i.e. AUCy_»4/MIC).

As described for the echinocandin class, micafungin efficacy for candidiasis is
closely linked to the AUC; ,4/MIC ratio [9-11]. In patients with non-C. parap-
silosis infections, the micafungin pharmacokinetic-pharmacodynamic (PK-PD)
target associated with optimal clinical and microbiological outcomes is
AUC/MIC >3000. At standard dosing of 100 mg/day, the PK-PD target attain-
ment analyses would suggest that the majority of patients would achieve this goal
for organisms with a MIC <0.06 mg/L. For C. parapsilosis, the PK-PD target
predictive for efficacy is an AUC/MIC ratio of >285. This target would be
expected to be attained for organisms with MIC values <0.25 mg/L [10].

On review of non-clinical data, the PK-PD target is similar among the other
echinocandin agents [9].

Interestingly, some Candida isolates may exhibit continued growth at
echinocandin concentrations well above the MICs for these agents. This has been
termed the “Eagle effect” (or paradoxical effect). This effect appears to be a
dose-dependent tolerance in response to cell wall stress and damage rather than due
to antifungal resistance. The Eagle effect occurs much more commonly with
caspofungin than with anidulafungin or micafungin, and has been documented with
the use of conventional dosing regimens, but may be more relevant in higher dosage
regimens. The clinical significance of this phenomenon remains unknown [12, 13],
but needs to be further investigated, particularly as standard dosage regimens may
be altered in varying circumstances.

Currently, clinical resistance of Candida spp. to echinocandins is rare; however,
there are case reports which demonstrated clinical failure in patients receiving
echinocandin therapy. This has been described with a number of species, including
Candida albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis,
Candida krusei and Candida dubliniensis. Mutations conferring reduced suscepti-
bility to echinocandins have been mapped to the FKS1 and/or FSK2 genes that
encode for the 1,3-B-D-glucan synthase, but additional mechanisms of resistance
have not been fully elucidated [5, 6]. In general, resistance to one echinocandin
confers resistance to all others, with MICs of resistant isolates of 1 mg/L and above,
but there has been variability in cross susceptibility reported [14, 15].

(b) Aspergillus species

In contrast to Candida spp., echinocandins exhibit fungistatic activity against
Aspergillus spp. Exposure to echinocandins causes the fungal hyphae to grow
irregularly, with many branched tips, disrupted hyphae and distended cells. MICs
are difficult to determine for echinocandins against Aspergillus species and the
minimum effective concentration (MEC) (i.e. the lowest concentration that results
in the proliferation of filamentous fungi showing aberrant growth), may be a better
measure of susceptibility of Aspergillus. Echinocandins display comparable in vitro
activity against numerous Aspergillus spp., although one in vitro susceptibility
study demonstrated that the MECs of anidulafungin and micafungin were 2—10-fold
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lower than the MEC of caspofungin [16]. Sporadic treatment failures or break-
through infections have been reported, these have been associated with high MEC
isolates [1].

Unlike what is seen in Candida spp., the reduction of the fungal burden in
aspergillosis has been shown to be most closely linked to the AUC/MIC ratio, not
to the C,,.,x/MEC ratio. A murine model of pulmonary aspergillosis showed that a
Cmax/MEC ratio ranging from 10-20 maximized the activity of caspofungin [17].

Similar to Candida spp., the “Eagle effect” (or paradoxical effect) has also been
described with caspofungin and Aspergillus spp. The clinical significance of this
phenomenon, however, remains unknown [13].

(c) Other fungi

Other fungi that may be susceptible to echinocandins include Alternaria spp.,
Bipolaris spp., Cladophialophora bantiana, Phialophora spp., Exophiala spp.,
Fonsecaea pedrosoi, Paecilomyces variotii and Acremonium strictum. In vitro
studies have indicated variable activity against the dimorphic endemic fungi, but
current evidence suggests that the use of echinocandins should be avoided for their
treatment. Echinocandins do not have any activity against Cryptococcus,
Trichosporon, Fusarium, zygomycetes or other filamentous fungi [15].

Limited data is available in relation to the pharmacodynamics properties of
echinocandins against other fungal pathogens and no pharmacodynamic target has
been identified for these pathogens.

Pharmacokinetic Changes in Obesity

Although the echinocandins have similar antifungal activities, they have substan-
tially different pharmacokinetic properties, which is important to understand when
tailoring dosing regimens for individual patients [1, 18]. A summary of the
steady-state PK parameters of the echinocandins in healthy adult volunteers with
standard therapeutic dosing [1, 12], are summarized in Table 9.1.

Echinocandins distribute well into the majority of tissues, including the lung,
liver and spleen. There is minimal distribution into the central nervous system
(CNS) tissues, including the eye, due to their high plasma protein binding and large
molecular weight. There is emerging evidence suggesting that therapeutic CNS
levels may be achieved, provided that high plasma concentrations are obtained.
Echinocandins do not achieve high urine concentrations but they may be effective
in treating urinary tract infections due to the high concentrations achieved in
tissues [1].

There is limited published literature in relation to PK variability of the
echinocandins in critically ill patients. A recent prospective multicenter study
demonstrated considerable inter-individual PK variability of both anidulafungin and
caspofungin. The observed AUC(_,4 and C,,,x were lower in the study for both
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Table 9.1 Pharmocokinetic properties of echinocandins
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Anidulafungin Caspofungin Micafungin
Linear or Linear Moderate non-linear Linear
non-linear
pharmacokinetics
Plasma protein 84 96-97 >99
binding (%)
Volume of 0.5 0.14 0.22-0.24
distribution
@L/kg)
Beta elimination 24-26 10-15 11-17
half-life (t2p)
(hours)
Total clearance 0.16-0.26 0.15 0.16-0.185
(mL/min/kg)
Biotransformation | Slow chemical Spontaneous Some involvement

degradation and
metabolism by plasma
peptidases

degradation and peptide
hydrolysis and
N-acetylation

of hepatic
cytochrome P450
enzymes

Elimination

Mainly via biliary
excretion with
negligible renal

Approximately 40 % of
total dose eliminated via
urine

Primarily non-renal

clearance

drugs when compared with healthy volunteers [19]. A multi-centre observational
PK study of micafungin in adult intensive care unit patients, demonstrated signif-
icantly lower micafungin exposure when compared with healthy volunteers, but not
when compared with other patient populations [20]. These studies demonstrate that
considerable inter-individual PK variability of echinocandins may be seen in
patients within the intensive care setting, with the need for further studies to clarify
the optimal dosage regimens and to define the role for therapeutic drug monitoring
in this patient setting.

There is limited data available relating to the altered pharmacokinetic parameters
of echinocandins when administered to obese patients. With an increase in body-
weight, the pharmacokinetic parameters may be altered due to changes in volume of
distribution, plasma protein constituents, metabolism and clearance [18], with the
potential for lower echinocandin exposure in obese patients.

Review of Existing Literature
(a) Micafungin

Pharmacokinetic analyses suggest that micafungin clearance is higher in obese
patients compared to non-obese patients. Given that the AUC is inversely
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proportional to systemic clearance (i.e. as clearance increases, AUC(_,4/MIC ratio
declines), heavier patients are predicted to attain lower micafungin exposure (and
efficacy) than their leaner counterparts [9—11].

An example of this was demonstrated in a case report describing a 40 year old
morbidly obese woman with a weight of 230 kg [21]. She was commenced on
intravenous micafungin at standard dosage (100 mg daily). Serum concentrations
were obtained on day 5, at 4, 13 and 23 h from the start of the infusion and they
were 2.93, 1.96 and 1.36 mg/L, respectively. She had a significantly lower AUC,
when compared with a patient of normal weight. The authors concluded that
clinicians should consider a dosage increase in obese patients with invasive can-
didiasis in view of the enhanced clearance and significantly decreased exposure
observed in obesity.

A prospective study demonstrated a definite relationship between weight and
micafungin systemic clearance but a poor correlation between body mass index
(BMI) and PK parameters, including clearance. They found that systemic clearance
increased as a function of weight, beyond a threshold of 66 kg, at least up to
155 kg, with the relationship accurately expressed by the 3/4 mass ratio expressed
by Kleiber’s law [22]. This finding suggests that a proportion of obese patients
could fail to reach the optimal AUC/MIC ratio at standard micafungin dosages.

For overweight and obese patients, it has been demonstrated to calculate the
micafungin clearance point by the following formula:

Clearance (L/hour) = 1.04 % (M/66.3)*/*

where M is the patient’s weight in kilograms, starting at 66.3 kg [11, 22].
Pasipanodya et al. recently published micafungin dose rules or formulae for
bedside use, which were derived using modelling and simulation information. Rules
1 and 4 were proposed as bedside formulae for use by clinicians to optimize mica-
fungin dosing in the treatment of candidiasis in overweight or obese patients [23].

Rule 4 is proposed for use at the bedside by clinicians:
Dose (mg) = patient weight + 42

rounded to the nearest 25 mg, with rounding up starting at 12.

Rule 1 is proposed for more accurate dose individualization:
Dose (mg) = 1.03 x patient weight + 41.93

The formulae are only applicable for patients who are overweight or obese and
not for patients less than 66.3 kg.

The current dosage recommendation is the same for all adult patients who weigh
over 40 kg, but consideration needs to be given to the possibility that standard
dosing may be insufficient in obese patients. When selecting a dose regimen,
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consideration needs to be given to the clinical indication, the pathogen, the presence
of critical illness and the adequacy of clinical response. The application of the
published micafungin dosing formulae may help guide dose modification in the
setting of obesity. The safety of micafungin doses up to 250 mg has been
demonstrated in the published literature [24]. In these circumstances, however,
there may be a role for therapeutic drug monitoring (TDM) to assist with dose
modification, although TDM is not routinely available in many centers.

(b) Caspofungin

There is conflicting data available on dosage regimens for caspofungin in patients
with obesity [15], pharmacokinetic studies suggest that heavier patients may be at
risk for lower caspofungin peak and trough concentrations and a lower AUC than
leaner patients [25, 26].

A prospective study demonstrated a relationship between weight and both the
volume of distribution and the clearance of caspofungin, leading to a decrease in the
peak concentration and the AUC. It was identified that systemic clearance increased
as a function of weight, with the relationship accurately expressed by the 3/4 mass
ratio expressed by Kleiber’s law, which is similar to micafungin [25]. BMI was not
found to be a significant covariate. The findings suggested that a proportion of
obese patients could fail to reach the optimal AUC/MIC ratio at standard caspo-
fungin dosages.

Nguyen et al. conducted a single center prospective study, where patients in a
surgical intensive care unit who were receiving caspofungin (70 mg loading dose
followed by maintenance dose of 50 mg daily) for suspected or proven fungal
infection were enrolled. A linear-mixed effects model was used to identify factors
that may have influenced caspofungin plasma concentrations. Caspofungin trough
concentration was predicted to be significantly higher in patients with body weight
less than 75 kg. The authors concluded that the maintenance dose should be
increased in the surgical intensive care unit setting in patients who weigh more than
75 kg [26].

Contrastingly, a retrospective, post hoc analysis of efficacy outcomes in 9 phase
2/3 clinical trials found that caspofungin appeared as efficacious in obese patients
and non-obese patients with the use of standard dosing [27]. Criticisms of this
study, however, was that the severity of the underlying conditions, concomitant
disease or baseline neutropenic status may not have been evenly distributed
amongst the patients within the BMI groups, that this study used BMI and not
weight when comparisons were made between the patient groups and that the
original studies did not pre-specify the intent to examine differences in patient
outcomes based on the BMI subgroups [15].

An example of the importance of caspofungin dosing in obesity was illustrated
in a prospective cohort study where targeted antifungal prophylaxis was prescribed
to 13 heart transplant recipients. The targeted strategy was effective for all patients
in the cohort, except for one patient, who had a BMI of 35 kg/m”. Their weight was
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not documented. This patient had their dose of caspofungin reduced to 35 mg/day
due to liver failure and was receiving haemodialysis. The patient developed pul-
monary aspergillosis whilst on caspofungin prophylaxis [28].

The current dosage recommendation for caspofungin in patients weighing more
than 80 kg is a maintenance dose of 70 mg daily after a regular loading dose of
70 mg on day 1 [18, 29], recognizing the issue of potential underdosing in obesity.
Similar to micafungin, when selecting a dose regimen, consideration needs to be
given to the clinical indication, the pathogen, the presence of critical illness and the
adequacy of clinical response. If further dose escalation is to be considered, there
may be a role for TDM to assist with dose modification, although TDM is not
routinely available in many centers.

(¢) Anidulafungin

There is limited published information describing the influence of obesity on the
PKs of anidulafungin. Pharmacokinetic analyses have suggested that an increase in
body weight is associated with both an increase in anidulafungin clearance and
volume of distribution and a decrease in AUC, but these changes have not been
deemed to be of clinical significance [30-32].

In healthy volunteers, an increase in body weight was shown to increase both
clearance and volume of distribution, although this was not considered to be
clinically important [30].

A population PK-PDs analysis of anidulafungin in adult patients with fungal
infections was undertaken. Although the total exposure (AUC) in a typical 150-kg
male could be approximately 30 % lower than in a 60-kg male patient, the efficacy
did not seem to be affected in patients at the upper end of the weight spectrum,
despite their lower exposure [31].

A population PKs analysis of anidulafungin in adult patients with proven or
probable invasive aspergillosis identified body weight as the most influential
covariate of anidulafungin PKs, with a tendency for anidulafungin AUC to decrease
as body size (weight and BMI) increased. The magnitude of the changes in
exposure were not considered clinically significant as there was an overlap of the
exposure distributions across weight and BMI due to inter-individual variability. Of
note however, was that the highest body weight in the analysis was 117 kg [32].

The current dosage recommendation is the same for all adult patients regardless
of body weight, but consideration needs to be given to the possibility that standard
dosing may be insufficient in the setting of obesity, particularly for patients with
extremely high body weights (e.g. weight more than 150 kg) due to the lack of data
for this group [31]. Dosage adjustments may need to be considered, particularly if
there is a suboptimal clinical response. There are no available formulae for dose
modification in the setting of extremely high body weights but in these circum-
stances there may be a role for TDM to assist with dose modification, although
TDM is not routinely available in many centers.
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A limited sampling strategy for anidulafungin in selected patients was proposed
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in a recent publication by van Wanrooy et al, which described obtaining a single
sample drawn 12 h after the start of infusion and an estimation of the exposure
using either linear regression or a population pharmacokinetics model [33]. In the
case of possible insufficient exposure, anidulafungin doses can be increased in a
linear manner as the exposure increases proportionally to the dose.

Dosage Recommendations

Standard recommendations for adult echinocandin dosage for treatment of invasive
fungal infection according to the available guidelines [2—4, 29] are as follows:

(Table 9.2)

Table 9.2 Standard echinocandin dosage recommendations

Anidulafungin

Caspofungin

Micafungin

Loading dose on
day 1

200 mg

70 mg

Nil

Maintenance 100 mg daily | If patient >80 kg: 70 mg If patient >40 kg:
doses daily [if moderate hepatic 100 mg/day
impairment, reduce
maintenance dose to 35 mg
daily]
If patient <80 kg: 50 mg | If patient <40 kg:
daily [if moderate hepatic 2 mg/kg/day
impairment, reduce
maintenance dose to 35 mg
daily]
Dosage No No No
adjustment
required in renal
impairment?
Dosage No No No
adjustment
required in renal
replacement
therapy?
Dosage No 35 mg daily for patients No recommendation for
adjustment with moderate impairment | severe impairment but it is
required in No recommendation for likely that no dose
hepatic severe impairment adjustment required [34]
impairment?
Drug None known | Multiple Few
interactions

“May increase to 200 mg/day if clinical response inadequate (safety data exists for up to

250 mg/day for micafungin [24])
"Actual body weight, may increase to 4 mg/kg/day if clinical response inadequate
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Clinicians may consider a further dosage increase in obese patients with invasive
fungal infection in view of the pharmacokinetics data demonstrating higher clear-
ance and lower drug exposure than leaner patients as previously described. Further
studies are warranted, however, to establish the optimal dosing strategy for these
patients and to assess the safety and efficacy of higher echinocandin doses in this
clinical setting. Therapeutic drug monitoring, if available, would certainly be an
important adjunct to assisting clinical management.
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Chapter 10
Polyene Antifungals

Janattul-Ain Jamal and Jason A. Roberts

Abstract Determining the optimal polyene antifungal dosing in obese patients is
considered highly challenging. Limited data are available to describe the pharma-
cokinetics of polyene antifungals in these patients. However, polyene antifungals
demonstrate widely variable pharmacokinetics in various clinical conditions. In
particular, the two main parameters that define dosing requirements, volume of
distribution (V) and clearance, can change significantly in obese patients.
Therefore, in the absence of robust data to describe optimal polyene dosing in
obesity, dosing guided by therapeutic drug monitoring (TDM) remains the best
approach, particularly when aggressive dosing is required in the context of poorly
susceptible pathogens. Lean body weight appears to be the preferred weight metric
to estimate polyene dosing in obesity, in order to prevent inappropriate excessive
doses and subsequent adverse events including nephrotoxicity.
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Introduction

Polyene antifungals, such as amphotericin B, nystatin and natamycin, act as inhi-
bitors of fungal cell membranes by binding to ergosterol in the fungal cell mem-
brane, weakening it and causing a leakage of K™ and Na* ions that eventually leads
to fungal cells death. Amphotericin B is the most commonly used polyene agent in
clinical practice, for treatment of systemic fungal infections. It has a broad-spectrum
of antifungal activity, which include opportunistic and endemic fungi [1, 2].
Amphotericin B is minimally distributed into tissues such as liver, spleen, lungs,
kidney, muscle, skin and adrenal gland [3-7] and has also shown low penetration
into the central nervous system (CNS), >4 % [8-11]. Amphotericin B is highly
protein binding, >90 % [12, 13]. Biliary elimination accounts for 0.8—-14 % of
clearance [7], although interestingly, hepatic or kidney failure does not result in any
changes to blood concentrations [14, 15].

Lipid formulations of amphotericin B, such as amphotericin B lipid complex,
liposomal amphotericin B and amphotericin B colloidal dispersion, are the thera-
peutic advances in the drug delivery system for this compound in recent years.
These formulations enable enhanced amphotericin systemic exposure while mini-
mizing adverse events, such as nephrotoxicity and infusion-related reactions, which
appear more common with the conventional formulation, amphotericin B deoxy-
cholate [16].

Pharmacodynamics Target

Amphotericin B has demonstrated a concentration-dependent fungicidal activity in
in vitro studies [17, 18]. The agent has also been shown to have a prolonged
post-antifungal effect, which may be as long as 10 h in an in vitro study and even
up to 30 h in an in vivo study [19, 20]. The maximum peak concentration (C,,,x) to
minimum inhibitory concentration (MIC) ratio (i.e. C,,,x/MIC) correlated best with
the clinical outcome, followed by the time above MIC (Tspc) and finally the area
under the concentration-time curve (AUC): MIC ratio, in an animal models [20].

Pharmacokinetic Changes in Obesity

Limited human data is available describing the pharmacokinetics of amphotericin B
in obesity. However, animal studies have shown that obesity could alter the
pharmacokinetics [21, 22]. After administration of similar doses of amphotericin B
to hyperlipidemic obese rats and lean rats, there was a 2-fold increase in the mean
amphotericin B AUC in obese rats compared to the lean rats [21]. In another study,
significantly different pharmacokinetics were observed after administration of
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liposomal amphotericin B between rabbits with an enriched diet (obese) and normal
rabbits, although similar pharmacokinetics were observed in both groups when a
conventional amphotericin B formulation (amphotericin B deoxycholate) was
administered [22]. These studies have highlighted the possibility that physiological
changes due to obesity could affect amphotericin B pharmacokinetics, and that the
extent of the changes may vary between different formulations. However, robust
human data is required to further identify these changes.

Review of Existing Literature

Limited data is available describing the pharmacokinetics of polyenes, particularly
in obesity. There are presently no completed pharmacokinetics studies available.
However, we do look forward to data from clinical trial, NCT02320604, for the
pharmacokinetics of liposomal amphotericin.

However some data exist describing the pharmacokinetics of amphotericin B in
various clinical conditions (see Table 10.1). This data could be used to help inform
treatment in obese patients.

Pharmacokinetic studies of amphotericin B formulations in patients with
haematological malignancies demonstrated an elimination half-life of 11-15 h [23].
A larger V and clearance were observed with the administration of amphotericin B in
fat emulsion [23]. While data from 51 bone marrow transplant patients treated with
amphotericin B colloidal dispersion, showed that drug clearance and V were
increased by escalating the dose, with an elimination half-life (t'2) of up to 29 h [24].

The pharmacokinetics of various amphotericin B formulations was also evalu-
ated in critically ill patients [25, 26]. Generally, critical illness will lead to unique
pathophysiologic changes, such as a hyperdynamic state with an elevated cardiac
output and an increased renal and hepatic blood flow, which will lead to supra-
normal drug clearances. This condition can progress to a more severe condition
where patient may develop single or multiple organ dysfunctions that can affect
drug clearance and V [27]. Pharmacokinetic alterations of various antibiotics in
critically ill patients have been widely discussed [27, 28]. Published data have
shown a widely variable amphotericin V after administration of different types of
amphotericin B formulations, with V ranging between 30 and 2048 L in critically ill
patients [25, 26]. Similarly, total drug clearance was reported between 0.1 and
44.0 mL/min in these critically ill patients. Although higher clearance was observed
in critically ill patients receiving continuous renal replacement therapy (RRT), the
clearance mediated by the extracorporeal treatment would be considered as mini-
mal, less than 1 % of the total clearance during continuous venovenous haemodi-
afiltration (CVVHDF) and 20 % of the total clearance during continuous
venovenous haemofiltration (CVVH) [26, 29]. This suggests that changes to other
elimination pathways are occurring in the presence of RRT which leads to greater
amphotericin B clearance.
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Comparable data were observed between those derived from the critically ill
patients and those with haematological malignancies. The administration of lipid
formulations led to higher drug exposure [25], suggesting that aggressive dosing
with this formulation should be followed with close drug concentration monitoring.
Interestingly, different lipid formulations of amphotericin B (e.g. liposomal
amphotericin B versus amphotericin B colloidal dispersion) have resulted in dif-
ferent pharmacokinetics [30], thus confirming a wide interplay of factors con-
tributing to the various levels of amphotericin pharmacokinetic changes.

Recommendations

More research is required to better understand the precise effects of obesity on
polyene pharmacokinetics. Different formulations of amphotericin B are affected
differently in various clinical conditions. Therefore, it is expected that obesity
would also lead to variable changes in amphotericin pharmacokinetics for the
different drug formulations.

In the absence of robust data to describe optimal dosing in obesity, therapeutic
drug TDM remains the best tool to guide dosing in these patients. Even though
amphotericin is often observed to have a large V, studies in non-obese patients do
not report significant distribution into adipose tissue [31], which means that
increasing dose based on total body weight is unlikely to result in an equivalent rise
of the concentration, as observed in non-obese patients. Given the possible toxicity
with inappropriately higher doses, it would be prudent to escalate doses based using
a measure of lean body weight in obese patients. If a patient has a very serious
infection, then higher doses could be empirically considered, but only with close
monitoring of signs of drug toxicity including renal function and electrolytes.
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Chapter 11
Miscellaneous Agents

Eleanor van Dyk, Rahul P. Patel and Syed Tabish R. Zaidi

Abstract Dosing recommendations for a number of antimicrobial classes are
presented in the previous chapters. A number of antimicrobials have very little
information on the pharmacokinetics (PK) variability or dosing strategies for obese
patients. This chapter will briefly outline the literature and dosing recommendations
for other miscellaneous antimicrobials that are not presented elsewhere in this book.
Dosing recommendations for these agents in obese patients have been made based
on the limited available information. There is an urgent need for robust PK studies
of many antibiotics that are commonly used in obese patients to guide dosing
recommendations.

Keywords Colistin - Lincosamides - Metronidazole - Obesity - Dosing - Guanine
antivirals - Oseltamivir

Introduction

This chapter will collectively discuss the dosing of various antimicrobials that have
limited information on dosing in obese patients, and are not covered in the earlier
chapters. All of the agents discussed in this chapter have limited clinical indications
and do not fall under any of the antimicrobials classes discussed eatlier.

1. Colistin

Colistin (Polymyxin E) is the most well-known member of the polymyxin group of
antibiotics and is commercially available as colistimethate sodium (CMS), which is
converted to colistin in the human body. Colistin changes the permeability of the
bacterial cell wall, causing the leakage of important intracellular contents, even-
tually leading to bacterial death [1, 2]. Colistin is a relatively old antibiotic that was
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previously phased out of clinical use because of its neuro- and nephro-toxicity. The
use of colistin has been revived due to the increasing incidence of
carbapenem-resistant Gram-negative bacterial infections.

Dosing of colistin has been complicated by the conflicting recommendations
provided by the manufacturers of commercially available Colistin (Colomycin® and
Colo-Mycin M®). Both of these products contain colistin as a CMS salt, yet differ
significantly in their dosing recommendations. The Colomycin® product informa-
tion sheet recommends a dose of 30-60 mg of Colistin base activity (CBA) every
8 h for patients weighing more than 60 kg and 1.5-2.25 mg of CBA/kg for patients
weighing less than 60 kg [3]. Contrarily, the Colo-Mycin M® product information
sheet recommends a dose of 2.5-5.0 mg/kg of CBA per day to given as two or three
divided doses [3]. This means the lowest recommended dose of Colo-Mycin M® is
higher than the maximum recommended dose of Colomycin®. Adjustment in
dosing required for obese patients can further complicate dosing calculations and
increase the risk of dosing errors. Importantly, dosing based on total body weight
(TBW) instead of ideal body weight (IBW) has resulted in significant nephrotox-
icity in obese patients [1, 2, 4, 5]. However, the studies investigating various dosing
regimens of colistin have shown similar clinical and microbiological cure rates [6—
9], questioning the trend of proposing a high dose of colistin in recent studies [7,
10].

Pharmacokinetic/pharmacodynamic (PK/PD) studies have shown that the area
under the plasma concentration-time curve (AUC) and the minimum inhibitory
concentration (MIC) ratio (i.e. AUC/MIC) is the best PD descriptor (superior to the
ratio of peak plasma concentration (Cy,.x) to MIC (i.e. Cp,,.,/MIC) of antibacterial
activity against both Pseudomonas aeruginosa and Acinetobacter baumannii. This
suggests that time-averaged exposure is more important than achieving high peak
concentrations, supporting the recommended multiple daily dosing regimen, as
opposed to once daily dosing. Multiple daily dosing of colistin also appears to be
more effective in minimising bacterial resistance, when compared to once daily
dosing [11].

Limited studies have compared the PK of colistin in obese with non-obese
subjects [12, 13]. A retrospective cohort study assessing the incidence and risk
factors for colistin-associated nephrotoxicity found that 54 patients (43 %)
developed dose-dependent nephrotoxicity [12]. DeRyke et al. [12] reviewed 30
patients who received colistin and found that calculating doses using a TBW in
obese patients were associated with nephrotoxicity. For example, 47 % of the
patients received an excessive dose, and 71 % of these doses were calculated using
a TBW in an obese patient [13].

Garonzik et al. [10] performed a study with the aim of developing a population
PK model for colistin and CMS. They found that body weight was not a covariate
in determining clearance, and, therefore, maintenance dosing should be based on
renal function and target concentration. Conversely, they recommended that the
loading doses be calculated according to weight, specifically the lower of TBW or
IBW [10]. Mohamed et al. [14] found that a weight-based loading dose would have
minimal impact on the initial increase in colistin concentration, as CMS is
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converted to colistin in the body over time and the concentration of colistin
increases over the dosing interval. Given this, it was recommended that only fixed
loading doses be used [14].

Based on the above limited evidence, colistin loading doses should be based on
the lower of TBW or IBW and maintenance dosing should be based on creatinine
clearance and target colistin concentrations. An important consideration in calcu-
lating the doses of colistin is the relevant nephrotoxicity associated with a high dose
of colistin (5 mg/kg or above). Limited evidence suggested that taking MIC values
of causative bacteria into consideration in designing colistin regimens is worthwhile
and may prevent high dose exposure and subsequent nephrotoxicity in some
patients.

2. Lincosamides and metronidazole

Lincosamides and metronidazole are predominantly used to treat infections caused
by anaerobic bacteria. Lincosamides refer to a group of antibiotics that closely
resemble a natural member of the class, lincomycin [15]. The other two agents in
this class are clindamycin and pirlimycin [15]. Clindamycin and lincomycin are the
only two agents that are in clinical use for humans, whereas prilamycin is used in
the veterinary settings. Lincosamides are effective against infections caused by
Gram-positive and anaerobic bacteria with no cover against aerobic Gram-negative
bacteria [15]. Metronidazole is a nitro-imidazole antibiotic that is effective against
Gram-positive and Gram-negative anaerobic bacteria [16].

Lincosamides are clinically indicated as a second line prophylactic antibiotics for
surgical site infections, and, skin and soft tissue infections in penicillin allergic
patients. Clindamycin is commonly used in pelvic inflammatory disease and toxic
shock syndrome. Additionally, clindamycin has been used in serious uncommon
infections such as anthrax, toxoplasmosis and pneumocystis jiroveci pneumonia
[15]. Metronidazole is indicated for the treatment of intra-abdominal infections, gut
decontamination for surgical procedures, antibiotic associated diarrhea caused by
Clostridium difficile, antimicrobial prophylaxis for surgical infections, bacterial
vaginosis and systemic anaerobic infections [16].

Bouazza et al. [17] studied the pharmacokinetics of oral and intravenously
administer clindamycin in 50 patients with osteomyelitis. The mean body weight of
patients was 70 kg, and the highest recorded weight was 133 kg. Patients received
600 mg of clindamycin as an intravenous infusion or oral tablets. The authors
reported an increase in the clearance of clindamycin proportional to TBW.
Subsequent PK modelling revealed that the commonly used dose of 600 mg of
clindamycin every 8 h is insufficient in patients weighing more than 75 kg. The
authors recommended a higher dose of clindamycin (900 mg every 8 h) in patients
weighing more than 75 kg to achieve adequate serum concentrations [17]. Given
the lack of information about lincomycin in overweight or obese patients, clin-
damycin should be the preferred lincosamide in these patients.

A thorough search of the available literature did not lead to any studies regarding
metronidazole PK in obese patients. One study assessed the effect of the body mass
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index (BMI) on the treatment outcome of patients treated with metronidazole for
bacterial vaginosis [18]. The authors randomized 738 patients to metronidazole and
found that the treatment response rate was not affected by the degree of obesity as
classified by BMI [18]. It is important to note that a substantially large dose of
metronidazole (2 g) was used for the treatment of bacterial vaginosis, compared to a
500 mg dose used for most other infections [16]. One study evaluated the relative
effectiveness of a quadruple regimen, including metronidazole, for Helicobacter
pylori infection, found that obese patients are unlikely to achieve 80 % eradication
rate associated with the regimen in normal weight individuals [19]. The eradication
of H. pylori is dependent upon the collective effectiveness of the four individual
antibiotics in the regimen and therefore, an observed failure cannot be attributed
solely to the ineffectiveness of metronidazole. High dose metronidazole is recom-
mended for the treatment of brain abscesses and serious systemic infections [16].
Given the distribution of metronidazole in most bodily fluids and tissues [20],
higher doses may be considered in morbidly obese patients.

3. Guanine antivirals

Guanine nucleoside analogue antiviral agents inhibit the synthesis of viral DNA.
Notable agents in this class are acicolvir, famciclovir, ganciclovir, valganciclovir
and valaciclovir. Aciclovir, famciclovir and valaciclovir are commonly used for the
treatment and prevention of the infections caused by herpes simplex and
varicella-zoster viruses. Ganciclovir and valganciclovir are used for the prevention
and treatment of infections caused by the cytomegalovirus. Guanine analogues are
activated via phosphorylation by viral and cellular enzymes, they cause inhibition
of viral DNA polymerase, thereby blocking viral DNA synthesis [1, 16].

Given the potential for guanine analogues to cause nephrotoxicity, particularly if
high doses are administered, it is imperative that IBW is used to calculate doses in
order to minimise the risk of significant overdose and renal impairment. Also,
neutropenia associated with ganciclovir is dose-dependent and therefore if higher
doses are used in obese patients they may be at the significant risk of complications
[1, 21].

PK information on guanine analogues in obese subjects is scarce. Available
studies have exclusively studied acyclovir, mainly because it is one of the most
frequently used antivirals in clinical settings. A single dose PK study in obese and
normal weight individuals identified that PK parameters were not significantly
different between both groups, including the volume of distribution (V), which was
approximately 43 L. This value correlates well with the total body water (48
L/1.73 m?) or lean body weight and consequently, the authors recommended using
IBW as a convenient estimation of aciclovir dosing in obese patients to avoid
potential overdose and resultant nephrotoxicity [22-24].

Increased risk of nephrotoxicity from unadjusted dosing of aciclovir has been
highlighted in many case reports. A 60 year old male with BMI of 37.6 kg/m?
developed acute nephrotoxicity due to an unadjusted aciclovir dose based on TBW.
The patient received seven doses of IV aciclovir 1 g (9.2 mg/kg of actual body
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weight) 8-hourly for potential herpes encephalitis, the corresponding IBW dose for
this patient would have been 650 mg. By the third day his serum creatinine had
increased four-fold, aciclovir was ceased (along with concurrent moxifloxacin and
doxycycline), and the patient was diagnosed with aciclovir-induced nephrotoxicity
[22]. A similar case report of a 23-year old morbidly obese male also highlighted
the concerns of renal impairment associated with high doses of aciclovir. This
patient had no significant medical history and was administered 10 mg/kg (actual
body weight) IV aciclovir 8-hourly for suspected encephalitis/meningitis. Within
48 h his renal function had significantly declined; aciclovir therapy was discon-
tinued, and his renal function returned to baseline [23, 25].

Ganciclovir PK parameters in obese subjects have not been studied in either
animals or humans, and prescribing information does not provide any advice
regarding dosing in this patient subgroup. Given the hydrophilic nature of ganci-
clovir, as well as its comparability to aciclovir in terms of small molecular weight,
mechanism of action and toxic potential, it may be appropriate to consider calcu-
lating ganciclovir doses using IBW or LBW. Aciclovir should be dosed based on
IBW or LBW, though a higher dose (10 mg/kg) can be utilised for serious infec-
tions and patients who are morbidly obese with appropriate hydration and close
monitoring of renal function. No recommendations can be made for other agents
though it makes sense to use IBW or LBW based dosing for ganciclovir as well.

4. Oseltamivir

Oseltamivir is an antiviral neuraminidase inhibitor. It is available as the prodrug
oseltamivir phosphate, which is converted to the active metabolite oseltamivir
carboxylate. Oseltamivir selectively inhibits influenza virus neuraminidases, which
are glycoproteins found on the virion surface. This prevents the release of newly
synthesized viruses from infected cells, thereby reducing replication of the influenza
virus and halting the spread of infection. Oseltamivir demonstrates activity against
both influenza A and B viruses [1, 2, 16, 26].

Early administration of oseltamivir is imperative, as influenza viral replication
peaks at 24—72 h after the onset of illness. Treatment is effective if administered
within 24 h of the onset of symptoms. The recommended dosage for the treatment
for adults is 75 mg orally twice daily and 75 mg once daily for prevention. Dose
reduction is suggested if creatinine clearance (CrCl) is <60 mL/min [1, 2, 4, 16, 26,
27].

Obesity has been identified as a risk factor for experiencing more severe
symptoms of influenza with worse outcomes. This was reported after the 2009
pandemic HIN1 influenza outbreak, where obesity was one of the most important
risk factors for mortality [23, 28-33]. Given this, there have been suggestions that
perhaps the recommended oseltamivir dose is inadequate in obese patients. Obese
patients have been administered higher than normal doses previously (particularly if
critically ill) [34]. It is also thought that the obese subjects may not have as good a
response to the influenza vaccination as non-obese patients, meaning their protec-
tion from the vaccination will be reduced [28].
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Oseltamivir phosphate is a prodrug that is readily absorbed from the gastroin-
testinal tract after oral administration and is then extensively and rapidly converted
to oseltamivir carboxylate (active metabolite) by hepatic esterases [4, 16, 26]. After
administration of oseltamivir, the absolute bioavailability of oseltamivir carboxylate
(active form) is 80 % [4, 16, 32]. Several studies have found that obese patients
experience reduced total exposure to the active metabolite. However, this is not
considered clinically significant [30, 32]. In one randomised PK study with 12
obese and 12 non-obese subjects, PK data of both the pro-drug and the active
metabolite were analysed and it was noted that obesity affected the PK of the
prodrug. However, it was noted that this is unlikely to have any clinical relevance
as there was no clinically significant impact on the PK of the active metabolite [30].

After oral administration of 75 mg twice daily for 5 days and when V was
normalised to body weight, the median V of the pro-drug did not differ significantly
between the obese and the non-obese. However, the median V of the active
metabolite was significantly lower in obese subjects, compared with non-obese
subjects (1.8 L/kg versus 3.2 L/kg) [2]. There is no significant difference in median
half-life for the pro-drug between obese and non-obese subjects (1.9 and 2.4 h
respectively). For the active form, however, the half-life is slightly less in obese
subjects (6.9 h) compared with non-obese subjects (8.3 h) [2]. Renal clearance has
been found to be higher in obese subjects. When normalised to TBW there was no
significant difference between obese and non-obese subjects for total body clear-
ance of the pro-drug, yet median total body clearance of the active form was
significantly less in obese subjects (0.18 L/h/kg) compared with the non-obese
(0.26 L/h/kg) [2]. One randomised trial found that the clearance of oseltamivir
(prodrug) was significantly higher in obese subjects, compared with non-obese
subjects, resulting in lower total exposure [30].

A study of single-dose and steady state PK of oseltamivir found that PK data for
the active form was not influence by weight, and, therefore, PK in obese patients
were comparable to non-obese patients (including systemic exposure to the active
metabolite). Given this, it was concluded that the use of a different dose is unlikely
to be necessary [31].

The OPTIMO (Oseltamivir PK in morbid obesity) trial was a non-randomised,
open-label PK study of single-dose and steady-state oral oseltamivir (both prodrug
and active form) in ten healthy morbidly obese (BMI > 40) and ten healthy
non-obese subjects. This study found that the morbidly obese group generally
experienced lower maximum concentrations and lower systemic exposure to
oseltamivir (prodrug) both after the initial dose and at the steady state. The con-
centrations of oseltamivir carboxylate were modestly lower in obese subjects,
compared with non-obese. However, this was not considered clinically relevant.
Given that systemic exposure to the active metabolite did not differ significantly
between the two groups, the authors of this study concluded that the current
treatment dosing recommendations of 75 mg twice daily is sufficient for obese
patients [32].
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Based on the limited evidence available for dosing oseltamivir in obese patients,
no dose adjustment is recommended for the routine prophylaxis and treatment of
influenza in obese patients.

Conclusion

Dosing recommendations for some of the miscellaneous antibiotics are noted in this
chapter. We are unaware of any data for other antibiotics such as doxycycline,
azithromycin, clarithromycin, erythromycin, co-trimoxazole and trimethoprim.
Nevertheless, obesity has been identified as an independent risk factor for antimi-
crobial treatment failure for these agents in a Canadian study [35]. Therefore, there
is an urgent need for PK and clinical studies of these antibiotics in obese patients.
Meanwhile, the higher end of normal doses can be safely applied whenever these
antibiotics are used in obese patients.
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Appendix 1
Clinical Cases

This appendix will include four clinical cases to demonstrate practice-based
approach to antimicrobial dosing in obesity.

Case 1
Penicillin by Ian Abbott

A 40-year-old man, with history of obstructive sleep apnea, is admitted to hospital
following a high-speed motor vehicle accident. He sustained abdominal trauma and
multiple ribs fractures with a flail segment. His BMI was estimated at 45 kg/m”. He
has no history of diabetes mellitus, has a 20-pack year smoking history and has no
drug allergies. His estimated creatinine clearance by Cockcroft-Gault equation was
120 ml/min. He required observation in a high-dependency unit and a thoracic
epidural catheter was placed for the administration of epidural analgesic agents to
improve tolerance for deep breathing and coughing. However, on day 7 of his
admission, he was noted to be febrile, tachycardic, with mild hypotension
responding to fluid boluses. Chest X-ray revealed new consolidation at the right
lower lobe. Increased volume of purulent sputum was noted and referred to the
laboratory for culture. The following day, the culture grew a predominant growth of
Pseudomonas aeruginosa.

What would be your empiric antibiotic therapy, if a penicillin class of antibiotic
were deemed appropriate, for the suspected hospital acquired pneumonia (HAP) in
this man? What dosing schedule would you choose?

The choice of empiric antibiotic therapy for suspected hospital acquired pneu-
monia (HAP) should be in-line with local and international published guidelines.
Individualised variations would depend on local epidemiology of the hospital
microbiology, any pulmonary co-morbidities, and any previous positive cultures in
the individual patient. Risk factors for multidrug resistant pathogens, especially in
Gram-negative bacilli that are an important cause of HAP, will also influence
antibiotic choice. Where a penicillin class of antibiotic is chosen, most commonly
oral amoxicillin-clavulanate or intravenous piperacillin-tazobactam would be used.
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This patient has several reasons for an altered PK that would adversely affect
penicillin dosing, most importantly the increase in Vd. Together with the early signs
of sepsis one would expect further changes in cardiac output, fluid balance, as well
as augmented renal clearance risking under-dosing of antibiotics, especially in the
initial 24-48 h.

Therefore, empiric antibiotic dosing should follow a front-loading strategy,
where antibiotics are given at higher doses initially. For example, if
piperacillin-tazobactam was chosen, then dosing should be no less than 4.5 g every
6 h. Oral amoxicillin-clavulanate (875/125 mg) could be dosed 8-hourly, although
risking intolerances due to diarrhoea compared to the standard 12-hourly dosing.

Following the subsequent isolation of P. aeruginosa from the sputum culture,
how does this pathogen impact on your choice of agent and dosing schedule? What
further information regarding the pathogen would be important to ensure adequate
antibiotic target attainment?

P. aeruginosa are intrinsically resistant Gram-negative bacilli that require a
penicillin agent with antipseudomonal activity, such as piperacillin-tazobactam.
Even among P. aeruginosa isolates that test susceptible to an antipseudomonas
penicillin, there can be variation in the degree of susceptibility, indicated by the
MIC of the organism to the specific antibiotic. Concerns also exist around the rapid
emergence of resistance whilst on therapy, especially if the initial antibiotic therapy
is inadequate, promoting the growth of a resistant sub-population. In of itself, the
isolation of P. aeruginosa should prompt aggressive antibiotic dosing, and often
consideration for the use of a second non-beta-lactam agent while awaiting formal
susceptibility testing results, depending on clinical status.

The combination of obesity, infection and reduced antibiotic susceptibility puts
this patient at high risk of treatment failure. In order to obtain optimal individu-
alized antipseudomonal penicillin dosing, assuming the isolate tests susceptible to
the penicillin agent, it would be important to draw together the MIC value together
with the suspected PK changes in this patient, while also considering drug pene-
tration and early identification of inadequate source control, for example the
development of a drainable collection.

Given the relative safety profile of the penicillin antibiotics therapy should
ideally be administered at a maximal 24-h dose using an extended or continuous
infusion in order to ensure antibiotic target attainment is achieved. For example,
piperacillin-tazobactam, following the administration of a bolus dose, could be
dosed as an 18 g continuous infusion. Subsequent therapeutic drug monitoring
would confirm if target attainment is achieved and provide a means to direct dosing
alterations when the MIC information becomes available and to meet the dynamic
PK changes seen during the clinical course of infection. Even higher, off-label
dosing of penicillin antibiotics could be considered, if close monitoring for adverse
reactions is available. Treatment success needs to not only promote clinical cure of
the current infection, but also prevent the emergence of resistance.
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Case 2
Carbapenems by Tara Anderson

A 45 year old man who had recently completed a course of chemotherapy for a
haematological malignancy, presented with fever and no obvious source of infec-
tion. He was 145 kg in weight. An infusaport was recently inserted although there
was no clinical evidence of infection. He was haemodynamically stable. He had a
number of investigations performed including blood cultures. His initial blood tests
confirm the presence of neutropenia. He was commenced on antimicrobial therapy
consistent with the hospital’s febrile neutropenia guideline.

At 72 h, it was identified that he had a multi-resistant P. aeruginosa (MIC
2 pg/mL) isolated from the initial blood cultures. It was presumed that the patient
was likely to have an infusaport-related bacteraemia. He was haemodynamically
stable but had ongoing fevers. The clinicians were reluctant to remove the infu-
saport at this stage. Meropenem was felt to be the most appropriate antibiotic agent
to use for this patient.

What dosage regimen of meropenem would you commence in this patient?

e 1 g 8 hourly (30 min infusion)

After 24 h of meropenem therapy, the patient was continuing to have fevers and
was clinically deteriorating with the development of hypotension and hypoxia on
the haematology ward. Urgent removal of the infusaport was being arranged as well
as transfer to the intensive care unit.

What additional considerations may you have in relation to the meropenem
dosage regimen in the setting of clinical deterioration?

e Repeating the blood cultures and if P. aeruginosa re-isolated, repeating the MIC
measurement to guide appropriate dosage regimen.

e Acknowledge that distribution and clearance are variable and often unpre-
dictable in a critically ill patient. Consideration would be given to undertaking
therapeutic drug monitoring to assist appropriate dosage regimen.

¢ Consideration to be given to either increasing the dose e.g. 2 g 8 hourly (30 min
infusion) and/or extending the infusion from 30 min to 3 h.

Case 3
Echinocandins by Tara Anderson

A 54 year old woman presented with intra-abdominal sepsis in the setting of a
perforated sigmoid diverticulum. She was admitted to the adult intensive care unit.
She had a documented Candida krusei blood stream infection. She was 100 kg in
weight. Her renal and hepatic function was normal.

What dosage regimen would you commence in this patient?
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a. Micafungin

The usual recommendation for micafungin dosing would be 100 mg daily for this
indication. The proposed rules 1 and 4 mentioned above (refer to the corre-
sponding chapter in text) would suggest however that a dose of 150 mg may be
more appropriate for this patient:

Rule 1

Dose (mg) = 1.03 * patient weight + 41.93 = 1.03 x 100 + 41.93 = 144.93 mg,
rounded up to 150 mg daily

Rule 4

Dose (mg) = patient weight + 42 = 100 + 42 = 142 mg, rounded up to 150 mg
daily
A dose of 150 mg micafungin daily for this patient may be appropriate initially.

b. Caspofungin

The standard recommendation for caspofungin in a patient >80 kg would be 70 mg
loading dose followed by 70 mg daily. There are no available formulae for further
dose modification in this setting nor routinely available TDM to guide monitoring.
Consideration needs to be given, however, to the possibility that standard dosing
may be insufficient in the setting of obesity and that dosage adjustments may need
to be considered, particularly if there is a suboptimal clinical response.

c. Anidulafungin

The standard recommendation for anidulafungin would be 200 mg loading dose
followed by 100 mg daily. There are no available formulae for further dose mod-
ification in this setting nor routinely available TDM to guide monitoring.
Consideration needs to be given, however, to the possibility that standard dosing
may be insufficient in the setting of obesity and that dosage adjustments may need
to be considered, particularly if there is a suboptimal clinical response.

Case 4
Azole Antifungals by Nic Holt

A 55-year-old female undergoing consolidation phase chemotherapy with cytara-
bine for management of acute myeloid leukaemia (AML) was admitted to an acute
medical ward with febrile neutropenia. She had a BMI of 48.1 kg/m* (height
171.2 cm, weight 141 kg). She had tolerated her chemotherapy relatively poorly,
with ongoing issues of nausea and vomiting.
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Her past medical history is significant for hypertension, dyslipidaemia,
gastro-oesophageal reflux and type II diabetes mellitus for which she is on insulin
therapy. Of note, she has been on long term acid suppression with a proton pump
inhibitor.

She is commenced on oral posaconazole suspension 200 mg 8-hourly for pri-
mary antifungal prophylaxis in the context of her immunocompromised status, in
addition to the following primary prophylaxis therapy of valaciclovir for herpes
simplex virus (HSV) and trimethoprim-sulfamethoxazole for P. jirovecii.

The patient had completed cycle one of cytarabine chemotherapy three days
prior to her presentation. At this time, clinical examination could not reveal a septic
focus.

Investigations revealed the patient to be pancytopenic (haemoglobin 73 g/L,
white cell count 1.2 x 109/L, neutrophils 0.2, and platelets 15 x 109/L). Renal
and hepatic parameters were within normal limits.

A full septic screen was unrevealing. She was commenced empirically therapy
with IV piperacillin-tazobactam 4.5 g four times daily, in addition to the continu-
ation of her prophylactic antimicrobial agents mentioned previously.

She was persistently febrile after 5 days of therapy with IV
piperacillin-tazobactam. Trough plasma posaconazole levels were sample and
revealed subtherapeutic levels at 0.1 mg/L, significantly lower than the target of
>0.7 mg/L recommended for effective prophylaxis therapy. On further questioning,
the patient reports non-compliance with her prescribed prophylactic posaconazole
therapy which, in addition to her regular proton pump inhibitor and
chemotherapy-induced vomiting and nutritional compromise, contributed to the low
serum posaconazole concentrations.

The onset of respiratory distress prompted further investigations. CXR showed
segmental areas of opacification in the right upper lobe. Computer tomography
(CT) of the chest demonstrated a nodule with surrounding ground-glass infiltrate
(the halo sign). Aspergillus galactomannan antigen testing and 1,3-Beta-D-glucan
assay were both positive, confirming the suspicion of invasive pulmonary
aspergillosis. Aspergillus fumigates was subsequently isolated on bronchoalveolar
lavage (BAL).

What dosage regimen of voriconazole would you commence in this patient?

e Voriconazole dosing based on adjusted body weight (AdjBW):

— Loading dose: Intravenous Voriconazole 6 mg/kg 12-hourly for 24 h.
— Maintenance dose: Oral Voriconazole 4 mg/kg 12-hourly.

e TDM: recommended to establish clinical efficacy and to avoid toxicity.

High-dose antifungal therapy with voriconazole was initiated, with an intra-
venous loading dose of 6 mg/kg 12-hourly for 24 h, followed by an oral switch
with 4 mg/kg 12-hourly. Dosage was based on total body weight (TBW).

Biochemical parameters were monitored, and on day three of voriconazole
therapy, hepatic derangement was detected with elevation in transaminase levels.



132 Appendix 1: Clinical Cases

Therapeutic drug monitoring was subsequently performed, and a serum
voriconazole trough level revealed supratherapeutic levels at 8.6 mg/L (recom-
mended therapeutic voriconazole range: >1.0 mg/L, but <5.5 mg/L). Dose
administration was altered to reflect dosage based on an adjusted body weight,
however hepatic parameters failed to normalise.

What additional considerations may you have in relation to the voriconazole
dosage regimen?

e Cytochrome P450 2C19 genotype testing in select patients

Cytochrome P450 2C19 genotype testing was requested, and the patient was
found to be a CYP2C19 homozygous poor metaboliser. Subsequently, a further
reduction in voriconazole dose was made to reflect the propensity for increased
voriconazole exposure and toxicity due to a prolonged half life and decreased
clearance associated with a poor metaboliser phenotype.

The patient subsequently had a good clinical response to therapy, and received a
total course of voriconazole therapy for 42 days.
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